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.' EESBAECHES ON DIHEQT INJECTION IN 
INTEJINAL COMBUSTION EN&INBS* 
By Jean E,- Tuscher 

Experiments carried put on two different types of, en- 
gines show that the laws relating injection and combustion 
and, finally, the operating qualities of the engine itself, 
are general, and are influenced neither "by the shape of the 
comhustion chamher nor hy a more or less strong turbulence 
maintained in this charaher. 

The study of retarded- cycles during, which .comhustion 
takes place entirely during the expansion stroke, has pro- 
vided a means for reducing the combustion speed and for 
increasing the concentration of the air-fuel ratio up to 
saturation while maintaining a high thermal efficiency. 

The combination of a short injection period and re- 
tarded- cycle will produce the greatest -specific power from 
a Diesel engine, while reducing, at the- same time, the 
fatigue .of its -parts to withi n- acceptable limits* 

To sum up, these researches have adduced a solution 
for reducing .the fatigue of the Diesel engine by permit- 
ting the preservation . of its components and, at the. same 
time, raisi.ng it.s specific horsepower to a par with, that 
of carburetor engines, while maintaining for the Diesel 
engine its prerogative of burning heavy fuel under' opti- 
mum economical conditions. 

The feeding of Diesel engines by injection pumps ac- 
tuated by engine compression, achieves the required high 
speeds of injection readily and permits rigorous control 
of the combustible charge introduced into each cylinder' 
and of the peak pressure in.t^e resultant cycle. 

The suppression of the mechanic-al control of the 
pumps and the pressure lines simplifies the construction 
of direct-injection engines and improves their dependabil- 
ity in service. 

"Recherches sur . 1 • inj ecti on directe dans les moteurs a 
combustion." Publications Scientif iques et Techniques 
du Ministere de l»Air, No. 89, 1939. 
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Further industrial improvements in the injector-pump 
units used in these tests should raise no insuperahle dif- 
ficulties, although the 50-hour endurance test may not "be 
sufficient to §iVe adequate assurance, of perfect "behavior 
of the mechanism under a 20- or 50-times longer duration, 
as is halJitual in industrial practice. 

Nevertheless, the stability in operation, the total 
aTssence of wear during these laboratory tests, together 
with the simplicity of the device permit us to look for 
no insurmountable difficulties. 

4 

PART I 
Chapter 1 

PEED SYSTEM OONTEOLLED BY ENOINE COMPnBSSION 
The Winterthur Engine 

f 

!• T est st and. •« The experiments recounted heloiir were 
made on a test stand of the Research Laboratories of the 
Air Ministry, involving a gin5;le-Gyllnder , two-stroke- 
cycle Diesel engine' (bore, 125 mm; stroke, 170 mm) with 
direct injection, developing 8 horsepower at 800 rpm, and 
10 horsepower when supercharged. 

This engine, built by the"Sociltl Suisse pour la con- 
struction de Locomotives et de Machines a Winterthur," is 
normally operated by a Bosch pump and injector. 

The exhaust ' ports are overlapped by ther piston, the 
piston displacement being 1500 liters, the volumetric 
ratio of compression, 12. The compression of the scaveng- 
ing air is effected in the engine crankcase. 

The engine- is coupled to a dynamometer whose load is 
regulated by a table of resistances. The arm of the bal- 
ance is 71S millimeters long. Revolution counters and 
totalizers, a lOO-cubic-centimeter sample for measuring 
the consumption, and a device for recording the diagrams 
with Lohmann and Michels' indicator, complete the equip- 
ment . 

2. Experi mental procedure.- The Bosch equipment was 
replaced by a device in which pump and injector form one 
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mechanical unit actuated hy the compression of the engine. 

A feed line loads the fuel without compression in the 
device, which is mounted on the cylinder head in the cen- 
tral seat usually reserved for the injector. 

This solution- ohviates the mechanical -pump control and 
the fuel-pressure lines, and is applicahle to two-stroke- 
cycle and four-stroke-cycle engines alike. For the com- 
hustion cycle following the inflection, it offers the ad- 
vantage of a duration of injection independent of the en- 
gine speed. 

The experiments comprised the reoordinj? of the power 
and consumption curves of the engine for different pres- 
sure and duration of injection. 

The results and conclusions discussed hereinafter 
were arrived at after experimentation with more than 100 
feed systems, all actuated "by engine compression. The 
principal characteristics of these various devices- are de- 
scrihed in the patents filed "by the author. 

3« 5 J s c ripjt i o n_ci f _ de vi c J . - Pigure 1 is an external 
view of the injector-pump assemhly tried out in the Air 
Ministry; it is shown attached to the cylinder head of the 
Winterthur engine. 

The mechanism is shown in figure 2. A support 1, pro- 
jecting from the gas cylinder 2, is clamped to the cylinder 
head in place of the conventional injector. A sleeve 7, 
slidins; over a fixed plunger 8 of section Sg, forms the 
pump chamber 9. This chamber 9, empties into that of the 
working chamber of the engine through the atomization noz- 
zles 6, of total section procured in an injector 10, 
carried on a shoulder of pump chamber 9, 

The atomization orifices 6, are controlled by a dif- 
ferential needle 11 of sections S4 and S5 , with limited 
positive opening. A spring R returns needle 11 to its 
seat. (See the enlarged sketch, fig. 3.)- «■ 

Tho admission of the combiistiblo in the pump chamber 
is insured by automatic valve 12, guided in the hollow 13 
of plunger 8, through which tho combustible arrives. 

The sleeve 7, is externally engaged in tho piston 14, 
of section Sg which, through a conical port, obdurates 
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Fig, 




Figure 1.- Tuscber pump mounted on cylinder head of 
Winter thur engine. ^ a ^ ^ j.* 

1 support, 3 gas cylinder, 3 feed control, 4 injection 
point control, 5 fesd line, 6 nossl® 




Figure 2.- Tusclier pump-injector tmit. 

1 body, S gas oyliMer, 3 feed control, 4 injection 
point control, 5 feed line, 6 nozzles, 7 ptunp sleeve, 8 plunger, 
9 pump cliamber, 10 injector, 12 inlet valve, 13 feed, 14 gas 
piston, 15 and 16 labyrinth and holes for returning leakages 
toward feed, 17 elastic slippers, 18 rings, 19 spring, 
20 labyrinth screw, 21 oil groove. A, return spring fox 
injection point, B, shock absorber. 
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Fig, 3 



Figure 3.- Tuecher 

pump- 
infection unit 
(enlarged scale). 
2 gas cylinder, 

8 nozzles, 7 pump 
sleeve, 8 plunger, 

9 pump cliamber, 

10 injector sleeve, 

11 needle, 13 inlet 
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^ ^ valve, 13 feed, 14 gas piston, 15 and 

labyrinth' and holes for returning leakages toward feed, 
17 elastic slippers, 18 rings, 19 spring, 30 labjrrinth screw, 
31 oil groove, R, needle spring. 
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- the exit -of— section of gas" oyl'indfer 2, toward the 

working chamber of the engine. 

The stroke of pump 7 and, consequently, of piston 14, 
is elastically limited in a damper B "by an ad.iustahle 
stop 3, screwing on support 1. The return of pistjon 14 to 
its seat Sx in gas cylinder 2, is assued hy spring A, 
whose initial force is -regulated "by screw 4 on' support 1. 

The dimensions of the device are those of the ordi- 
nary injector. Its total, weight is 700 .grams, and its 
moving part weighs 50 grams. 

4» Calcul ation of the oper atipn .- When the compres- 
sion Pq on section becomes greater than the return 
spring A 

Pc Si > A 

piston 14 is raised from Its seat and the pressure 

of the compression "becomes; 

Pc Sa = P 

The combustible admitted into the chamber of pump 9 
is then compressed at a pressure p^^ : 

Pc - S ) P - A , . 

p^ = _^___|._._ = _____ (X) 

To this pressure corresponds a well-defined rate of 
flow through the section S., of the atomization noz- 

zles 5. This rate is given by Torricelli's law: 



= n y2gh 

wherein 

v^ is speed of flow in m/ s , through .section S7 

M- coefficient of flow of the nozzles; 0,8 for the 
pipes, the diameter of which is one-fourth of 
the length ' 

g acceleration of gravity, 9,81 m/s^ 

h flow pressure in meters, of height of the water 
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With 6 as the density of ^as oil« 8 = 0,85: 



10 



,?i = -To > = ~ 



we have : 

.3 



• - v. a - H- gg 10 Pj 19.63 x 10 pj « p 

' ^ 6 " ~ 0.85 * 

Ti = 12,2 JJl Z 12 (2) 

and, as the injection takes place in air compressed at 
pressure p^ : 



Vi = 12 y Pi - Po 

To this speed of flow at pressure p^, there also 

corresponds a well-defined speed Vp of the sleeve pump 
7, and of piston 14, which actuates it. 

The law of continuity enables us to write: 

In reality, p^ , v^ , and Vp have no constant value 

during the injection, since the pump leaves from a posi- 
tion of rest to return, after a stroke c, at speed equal 
to zero. On the other hand, as \7ill he seen later on, the 
compression p^, may "be considered as constant when the in- 
jection is achieved at either side of top center and dur- 
ing a period not exceeding that of the i-?nition: lag. 

The equation of motion is» in reality, if m is the 
mass of the moving part of the device : 



m — — ■ 



d^ X _ 



dt 



5" 



Pc (Sg - Sj,) - Pi S. 



wherein ■■ ' x is the path traversed. 

The speed of the pump i s , • as seen: 
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By replacing this, value of Pj^ thus expressed, in 
eq.uation (4) gives: 



-» 1^ = PC (S. - ) - (If/ 



or, differently expressed: 

= Pc (Sa - - Vp — g 



dVT) S, 

7T- = Pc (Sa - S,) - v^3 _ i (5) 



Without int e-^ratin^ , it is fsoon that, if the acceler- 
. . dv-v, 

ation -r--^ 'becomes zero, the speed limit v_ of the 

dt • Poo 

pump, actuated under constant compression p^,, becomes: 



^Po. S3 ; y S3 

This speed limit is fairly conformable to equations (l), 
(2), and (.'^). 

The differential equation (5) may be written 

. „ ■ „ : ^li.fcJi}lLdt 



V 2 



(6) 

By posing: 



equation (6) becomes: 

-2— ^-a = Cg ^Lt or — ^— = - Oa dt (7) 
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l3Ut 

^ _ + B__ 

if Avp + Aa + Bvp - Ba = Ir that is, to say, A = - B 

and A = -i— (?) "becomes: 
2a 

\ = SJZp - k^^2 = - 03 at 

"^p - 0^ V ■* °^ Vp •+ a 
"by integrating; 

lo? (Vp - a) - log (Vp + a) = - Oa 2 at + log Ote 

Thus, the general solution of the differential equa- 
tion of motion is; • 

Vp - a , -r2aCat 



Vp + a 



= 0, e-^^^^"^^ (8) 



where the constant Cj has a value defined "by the limit 
conditions for 

t = 0 V,- = 0, honce Gi = - 1 

P 

and, as seen for ^ 

* = " Vp = a = (12 y ^- 

and 

n 

" st) . ■■■■ - 



The equation of motion of the pump is: 

Vp + 06 

This curve of the speed is of the following form: 

It is important to know if, for a time int.erval t 
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corresponding to the duration of injection, we are in re- 
gion A or 3. If in region B, the difference "between Vp 
real and v_ is very small and the motion of the pump 

can, without appreciable error, "be considered as "being 
produced at uniform limit speed ▼poo" 

How, the exponential e"*'''" decreases very rapidly 

with X, and the calculation of a particular case shows 
that the pump speed attains a value near v_^ in the very 
small fraction of a millisecond. 

Without major error, the motion may "be conceded as 
"bein^ produced at speed '^■p<x- 

The exponent O3 shows that the limit is reached so 
much quicker as the moving mass m is smaller, as the 
section S3 of the plunger is larger, and the section of 

nozzles S7 is smaller. In fact, Og varies as S3 /Sy , 

5» e dl e_ val Ze_^25i Ii£ • - The initial spring force E. 
of the differential needle 11 plays no part in the solu- 
tion of the speed and pressure of injection. To check ex- 
perimentally that this spring E has no effect on the 
injection, use of tho thin-walled sleeve pumps 7, is suf- 
ficient. In fact, they turst as easily with a spring H, 
permitting the opening of the needle at an initial pres- 
sure of 50 atmospheres, as with a spring determining a 
pressure p^ , starting at 500 atmospheres. It is essen- 
tially the same for the pumps with mechanical control 
feeding injectors with differential needle. 

In these arrangements, the profile of the cams actuat- 
ing the pumps define the speed of the plungers in rela- 
tion to that of the engine. Thus., the speed and pressure 
of injection vary according to the engine speed, with the 
result that section S.^ of the atomizing nozzles is adapt- 
ed for only one well-defined speed of rotation. And, it 
was experimentally esta'blished that there is one initial 
force E of the spring which is "best suited to the running 
of the engine at a specified speed and load. 

This force E, is accurately determined "by the injec- 
tion pressure , defined a"bove by equations (2) and (s): 

S ^ 

^i = (llxi?) ^ = Pi - 
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poo 



t' =0.001 sec 



in/ s 



figure 4.- Speel of piamp. 



0 



ti=0.0965- 



Vp2 =1.8fim/s 



t2=2.05- 



*t3=0.084 1 — 

milliseconds 



-t=2.2305 



figure 5.- Diagram of injection. 
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,. -The cam profile is supposed to give a- constant speed 
Vp ■ to the plunger during the injection, Vp and are 

the/ speed and the section of the pump plunger, Sy the 
section of the spray nozzles, and S4-S5 the differential 
section of the needle. 

Por all other engine speed's, section S7 of the noz- 
zles is poorly adapted. For example, if the engine speed 
is slower, the speed of the plunger will "be likewise, and 
the pressure- p^ of the flow will he lower also. Since 
the spring R' permits the needle to open only for a higher 
pressure p^^ , which cannot "be maintained "by the law of 
continuity, the result is an injection "by jerks and vibra- 
tions of the differential needle which are attrihutod, 
rightly or , wrongly ,. to phenomena of pressure waves and res- 
onance. 

When an injector operates under those conditions, the 
fuel flow is no longer controlled "by the section S7, 

which should, obligatorily, he the weakest section of pas- 
sage "between the pump and the working chamher of the en- 
gine, hut hy the height of lift of the vibrating needle, 
which flattens the fuel before entering the nozzles and 
breaks the penetration of the fuel jets in the working 
chamber. 

Returning to the feed systems actuated by engine com- 
pression, it is clear that the, pump speed Vp is here in- 
dependent of that of the engine. 

The duration of injection has for index, not a crank- 
shaft angle turning at a variable speed n, but a time 
interval t, .which depends solely upon ' compression ratio, 
the different sections of the device, and the masses in 
motion. . 

The initial force of spring R amounts to very little 
and admits of only an upper limit 



for which the pump remains in rest position. 

In practice it suffices to so select the return of 
spring R that the pressure of the needle on its seat as- 
sures a tight seal of the pump chamber. This pressure 
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shonld "be of the otder of 5 to 10 kg/mm^ of seat-tearing 
surface. The fl6w of the pump cham'ber at the outlet of the 
tubes conforms to the law of continuity and the needle 
does not vihrate during injection. 

In practice, the pump motion may, without appreciahle 
error, he considered as "being effected at speed or, 

as we shall term it, limit speed. 

To get an approximate idea of the injection without 
computing the points of the exponential curve, the duration 
t of an injection is divided into three periods: 

, period of opening of the needle. 

tg , period of injection at limit speed. 

tg, period of closure of needle after percussion 
of the movinj? part on the feed stop 3. 

S« Pe r ,i ,0 d of pponj. ng ^ of .,n e e d l e . - When piston 10 leaves 
its seat S^, the force of acceleration P of the pump 



where 



P = P - (A + H) 



P is the pressure of the gas on 

piston 14 ^=^0^3 

A force of the spring regulating 

the point of injection A = p^ S^^ 



H hydraulic "brake of the pump .... H = pj_ S 



3 



As may "be seen in figure 3, the inlet valve 12, with 
triangular guidance, has a cavity forming a compensating 
chamber. Thus, the hydraulic brake H starts by being 
zero at the beginning of motion, piston 14 rises quickly 
from its seat Sj^, and the compression gases exert their 
force Pq on the large section Sq of the piston., and 
the brake H continues up to a value 




when the needle quits its seat. It subsequently decreases 
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to R S3/S5,. whexe the needle meets its lifting stop, 
then increases a^ain to the limit -p^ Sg . These changes 
are so rapid that one can take a mean value of the hydraulic- 
"brake during the first period: 



S4 



which reverts to assuming the uniform acceleration a for 
computing the time of opening of the .needle: 



a = I 
m 

Then the duration of opening is 

t - 12-- 

Thus, it is seen that, the greater the initial force 
of . spring. R .i.ti a given device, the longer the period of 
opening, .1 • . 

The path traveled during time interval -tj 'is': 

~ 2m 

and the feed injected: • ' ' 

<ii = S3 Ci 

• .7. N eedl e-closing t-ime.- With c^ denoting the course 
of the moving part of the' device after striking the shock 
ahsorher B of the feed screw 3, and knowing. the speed 
.Yp^jjj of the moving fsystem at the moment of striking, we can 

write : 

m -|ap = (pi^ S3 + A3 + B - Pc Sg) C3 

where As^ and B reco.rd the forces of. return spring and 
shock ahsorher at the moment of striking. We have: 
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The amount of fuel injected during thi s interval of . clo sing 
will "be : • 

The course of the closure is traveled at a siseed which 



decreases from v. 



P08 



to 0. This course measures only sev- 



eral hundredths of millimeters and, the duration of the 
closing period- can, without appreciable error, he computed 



for a speed equal to 



^Pco 



The closing of the needle takes place under the simul- 
taneous action of its spring R and its kinetic energy 
when the needle opens positively, i.e., in the sense of 
flow of fuel. 



The "best injection will he that taking place at limit 



pressure 



The time of opening 



and closing t_ 



UJ^ ^..^ — , 

of the needle valve, should th.erefore he reduced as much 
as possihle. 



The time tg is so much shorter 
is stronger, hut in no case should it 
cause its intervention at the end of 
elastic balancing of the gas pressure 
thus avoids the exchange of speed of 
sleeve pump at the moment of striking 
shock ahsorher instantaneously induce 
needle on its seat, the unpriming of 
entry of compressed gas into the pump 



as the shock ahsorher 
he suppressed, he- 
the stroke assures the 

on the piston, and 
the needle and of the 
, Absence of the 
s, hy bouncing of the 
the apparatus- by an 
chamber. 



8 • i on_o f _i n je c t i on_un;d^^^ . - 

Knowing the quantity Q of one injection, the quantity 



injected under limiting conditions v 



simply, Vt 



The duration 
tions being 



and 



poo 



and 



Pi 



oa 



or, 



i s : 



<ig = Q - (Q^ + 



t of an injection Q under limiting condi- 



t = 



P„ 



where 



HAOA Tecl^^icg,^. Memorandum No, 99S 1? 

is the entire course of the pumj), the duration tg of the 
injection at pressure p^^^ is deduced at; 

and ^ 



T = ti + ta + t 



3 



is the actual time of an injection. It is very little 
greater than the injection t under limiting conditions. 

9 • num eri c al c alculation of the in th e Wi nt e r-^ 

thur eng ine ." 0?he ^iven data are; 

Di=10 mm Da =24 D3 =5 'D4=l,6 1)5=3 =4x0 k?.0 mm 

Si = 78.54 mm? Sg = 452.4 = 19.63 mm^ 

S4 = 2.01 Ss = 7.07 S7 = 0.1256 mm^ 

Engine compression i s 3S atm at 800 rpm p. = 32 atm . 

Maximum lift, of pump c = '■ 4 mm 

Maximum feed Q = c S3 Q, = 78.54 mm'* 

Weight of moving parts, 50 grams ' ' ' 

Mass m m = 0,0050 

Find: time, stroke, feed, and pressure, during the 
three periods of an injection of 78.54 mms. 

Under limiting conditions; 

Limiting pressure of injection . ^-p. . . ^ .-^—%Z-L- = 610 atm 

*a S3 

Limiting speed of injection . , v^^^ = 12 Jv^^-'Vq = 290 m/s 

S 

Limiting speed of pumx) '''■d ~ e~ '''i ~ 1.86 m/s 

■"^a S3 . a 

Duration of injection t = = 0.00215 s 



a 
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Needle Lift 

Initial force of spring S E = 2,400 kg 

Pressure at lift of needle = R/S4 . pj^^ = 120 atm 

Pressure of compression P = p^ Sg , , . P = 145 kg 

Return spring A = p^ Sj^ A = 25 kg 

Hydraulic "brake H = p. S3 H = 23,500 kg 

Force of acceleration FsP-CA+H). Y = 96,500 kg 

V m 

Time t, = — 0,0000965 s 

Lift c, = ^^-i- = 0,0895 mm 
^ 2m 

Feed quantity Q,^ = c^ =1,75 mm3 

By raising the pressure pj|_^ at rise of needle, "by 

increasing the tare of spring H, or reducing the section. 
S4 while maintaining the same spring H as, for example, 

3D4 = 1 mm ... S4 = 0,7854 mm^ H = 2400 kg 

the pressure at needle rise "becomes j>i^ = 305 atmospheres, 

the hydraulic "brake H = 60 kg, and the acceleratiorr., 
P = 60 kg. 

Then, we find: 

Duration t^^ = 0,000155 s 

Lift Cj. = 0.144 mm 

Feed quantity. = 2,83 mmS' 

Thus, it is seen that the duration of opening of the 
needle is merely a few hundredths of a millisecond and 
that it slightly increases in relation to the pressure 
Pj^^ at needle lift, in consequence, in relation to the 

tare of spring R, 
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Closing of Ueedie 



Por^a shock. a^)so.r"ber of B = 100 , and knowing that 
the specific force of spring R increases 3 kg/mm of de- 
flection, the expression of the kinetic energy gives the 
value of the travel of the moving t)art on the damper B 
of the stop: 



Stroke 



C3 = — 



2(p, S3+A3+B-p^ S,) 



= 0.078 mm 



Duration t, = -"-^ 



2c 

V 



p 



0.000084 s 



s 

Feed volume = C3 S3 = 1.53 ^,^3 



Injection under Limiting Conditions 

Feed volume = Q (c^^ + c^^) = 75.26 mm^ 

+ n 

Duration t« 



t_5a 



0.00205 s 



Travel 



Hence 



Injection pressure 

Speed of injection of nozzles 
Speed of punp , 



Pi. 



3,8325 mm 



610 atn 



V. = 290 m/s 



T = 1,86 m/s 



Duration 
sec 


Peed volume 
mm3 


g.troke 
• mm 


Crankshaft angle 
at 800 rpm 




= 0,0000965 


= 1.75 


°i 


= 0.0895 


<¥> : 


27' 48" 




= 0,0020500 


= 75.26 




= 3.8325 


cp : 


9° 5d» 


% 


= 0.0000840 


Cis = 1.53 


°3 


= 0.0780 


qp : 


24 » 12" 


T 


= 0,0022305 


Q = 78.54 


c 


= 4 


qp : 


10° 42 » 


as 


against 














T = 0.00215 


Q = 78.54 


c 


«= 4 


qp ; 


100 18" 
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for the injection entirely under liniting conditions. 

Hence, as indicated "by equation (8), the time of 
opening and closing of the needle is negli^i"ble, and the 
total injection may "be computed as under limiting condi- 
tions. 

The injection card is reproduced in figure 5, 

Chapter 2 
TSST STAND RECORDING 



10 . C hanges of pressure and of icat e_of _injection . - 
The experiments included the recording of consumption and 
output at 800 rpm on the finterthur engine, with differ- 
ent feed systems (figs. 1 and 2), pressures, and rates of 
inj ection. 

The maximum horsepowers were measured for the dyna- 
mometer load, which permits a speed of 800 rpm. 

Three sets of curves corresponding to: 

610 425 ... and 310 atm 

injection pressures were recorded for different durations 
of injection. 

The 610, 425, and 310 atm injection pressures were 
ohtained hy utilizing successively, plungers and sleeve 
pumps of 5-, 6-, and 7-millimetcr diameter, in the same 
devi ce . 

The duration of injection is modified "by changing the 
section of the spray nozzles. The same injection 

sleeves, 10, served in the three test series. The length 
of the nozzles was uniformly chosen at 7 to 8/l0 millimeter. 

The results therefore are strictly comparahle, since 
the passive resistance, the moving mass, the flattening of 
the gas at entry of cylinder 2, and the flattening of the 
fuel under pressure are exactly the same for all plotted 
curves. 



By computing at limiting conditions, the injection 



BACA. Technical UsmorandTim Np..993 v . 21 



Pigs. 6,28 



hi 



pi, = 610 ntm 



m 



:3 



p(, = 425 aim 



/ I \ 
pi, = 310 a tin 



Figure 6.- Sleeves and plungers used for 
varying injection pressures. 



Injector pump* Plunger, Smm,diam U 



(Nozzles) (Injection period) 
1 - i » 0,15 <. 0,00*5 s«. ] , 

h - k ' ",15 l-0.o«ii5i«.[ ■lySatm-b^fSsOabn I 

C - 7«o,t5 t'fl,o«U7»«.J 



_ «,42 bp 




Figure 28,- Conqwirative power and consumption curves, 
plunger: 6iiim dia. 
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produced with the device at different speeds and pressures, 
the constant data are: 

Di = 10 mm Si =78.54 mm2 132=24 mm Sg=452.4 mm^ 

R = 2400 Q =80.00 nm^ 

The varia'ble data are: 

For modifying the injection pressure: 



Injection pressures ...... 

Diameter of plunger .... Dg 

Section of plujxger .... Sg 

Maximum lift c 



I 
610 
5 

19.63 

4 



II 
425 
6 

28.27 
3 



III 

310 atm 

7 nm 

38.48 mm2 

2 mm 



To modify the duration of injection: 





llunlier 


Diameter 


S ection 


Diameter 


Section 


Pre s sure 


No. 


of 




St 


D4 








nozzles 


mm 


mm^ 


mm 


mm*^ 


atm 


a 


4 


0.20 


0.1256 


1.6 


2.0106 


120 


h 


4 


.20 


.1256 


1.0 


.7854 


305 


c 


4 


.30 


.2827 


1.6 


2.0106 


120 


d 


6 


.25 


.2945 


1,6 


2.0106 


120 


e 


10 


.20 


.3142 


1.6 


2.0106 


120 


f 


6 


.30 


.4240 


1.6 


2.0106 


120 



The injector nozzles a and h also have four 0,20- 
millimeter openings, "but the needle of the first opens at 
the pressure p^j^^ of 120 atmospheres; that of the second 

at Pj|_^ of 305 atmospheres. 

The calculation, at limit conditions, of the injec- 
tion produced "by the experimental device at different 
speeds and pressures, gave the figures appended in the 
following tahle: 



Table A 



Test 
Ho. 


Plunger 
diametei 


Number 
of 
noxtles 


demetB] 


Inject'n 
press. 


Pump 
speed 


DuTfttien 
of 

injectinn 


of 
In.lectlan 




11)111 






Tliii 


iii"s 






I-a 


5 


4 


0 20 


610 


1 86 


0,00215 


IQo 18' 


I-b 


5 


4 


0 20 


610 


1,86 


0,00215 


10" 18' 


I-c 


5 


4 


0,30 


610 


4,18 


0^00096 


4» 30' 


I-d 


6 


6 


0,25 


610 


4,35 


0,00092 


4» 25' 


I-e 


5 


10 


0,20 


610 


4,65 


0,00086 


40 7' 


I-I 


5 


6 


0,30 


610 


6,25 


0,00064 


3» 5' 


llt-a 


G 




0 20 


425 


1,06 


0,00383 


13° 35' 


TT-b 


6 


^ 


0 20 


425 


1 06 


0,00283 


13° ,35' 


ll-c 


6 


4 


0^30 


425 


2^38 


0,00126 


S» 3' 


I I-d 


6 


6 


0,25 




0 4g 


0 00121 


50 48' 


I I-e 


6 


10 


0,20 


425 


2,65 


oioous 


5° 26' 


Il-f 


6 


6 


0,30 


425 


3,56 


0,00084 


4° 2' 


Ill-a 


7 


4 


0,20 


310 


0,65 


0,00308 


14° 48' 


in-b 


7 


4 


0,20 


310 


0,65 


0,00308 


14° 48' 


III-C 


7 


4 


0,30 


310 


1,47 


0,00136 


6« 32' 


Ill-d 


7 


6 


0,25 


310 


1,53 


0,00131 


6» IS' 


1 1 I-e 


7 


10 


0,20 


310 


1,03 


0,00123 


6° 54' 


lII-£ 


7 


6 


0,30 


310 


2,20 


0,00091 


40 22' 



II. MJECnON OF GAS OIL. 



Using gas oil of 0.836 density the folloning measurements 
»ere made; at every change of load of the engine a diagram was 
plotted mlth the Lehman and Michels indicator, the point of in- 
jection then being so adjusted that the pressure at a point in 
the combustion cycle does not exceed 60 atm the cooling water 
temperature was always kept at 50° C at the outlet. 



Tableau la pi, = 010 aim S, = 0,1256 mm^ — 4 x 0,20 — p,, = 120 aim. 



Engine 
speed 


Tare of 
balance 


Horse- 
power 


Timt to 

burn 
100 cm^ 


Specific 
consump 
tlon 


He turn 

of 
spring A 


Inject'n 
advance 
angle 


Maximum 
pres. of 
cycle 


rpm 


k« 


hp 




B/lip/h 


IB 


lieijriis 




800 


0,500 


0,40 


7'03' 


1.770 


17 


10 


40 


800 


3,100 


2,48 


5-22' 


373 


17 


10 


44 


800 


5,900 


4,72 


4'10' 


254 


18,5 


9 


46 


800 


8,500 


6,80 


3'20'' 


220 


18,5 


9 


47 


800 


9,600 


7,60 


3' 2' 


216 


20,5 


7 


45 


800 


10,700 


8,56 


2'45' 


212 


20,5 


7 


47 


800 


13,000 


10,40 


2'18' 


208 


22,5 


5 


48 


800 


14,200 


11,36 


2'04' 


212 


22,5 


5 


50 


800 


15,100 


12,08 


1'56' 


214 


22,5 


5 


52 


800 


16,200 


12,96 


1'43' 


224 


22,5 


5 


54 


BOO 


17,100 


13,68 


1'35' 


230 


22,5 


5 


54 



Normal running, idllofi, 200 rpm, minimum consumption 208 
g/hpA at 10.4 hp, 54..5mBV injection; maximum injection: 79 ma^, 
maximvoa stroke i.QZ mm. 



Tableau I b 



= KIO aim S; = 0,1256 rain^ — 4 X 0.20 — p/, = 305 aim. 



Sngine 
speed 


Tare of 
balance 


Horse- 
power 


100 cm3 


u^JPy. 1 1 11 

consump 
tion 


itetum 

01 
spring A 


lU,jDl< V U 

advance 


WWJI JUil W ill 

eye la 


rpm 


ks 


hp 


s 




kS 


d eg res 


atm 


800 


0,500 


0,40 


6 '52" 


1.820 


17 


10 


40 


800 


3,300 


2,64 


5' 9" 


378 


17 


10 


44 


800 


0,200 


4,06 


4' 1' 


252 


17 


10 


45. 


800 


8,700 


0,96 


S'le' 


220 


18,5 


9 


50 


SOO 


9,800 


7,84 


3' 


213 


20,5 


7 


50 


800 


11,400 


9,12 


2'37- 


210 


22,5 


5 


48 


800 


13,800 


11,04 


2'14- 


203 


22,5 


5 


48 


800 


14,700 


11,76 


2' 5' 


204 


22,5 


5 


49 


800 


15,600 


12,48 


1'54' 


211 


22,5 


5 


49 


800 


16,700 


13,36 


1'42" 


221 


22,5 


5 


50 



Normal run, idling 200 rpm. 

Minimum consumption; 203 g/'hp/h at 11.04 hp, 57.8 ram-' injection. 
Maximum injection: 76.5 mmV injection, maximum stroke: 3.9 mm. 
The maximum power developed is a little less, while the specific 

fuel consumptions are slightly Improved. i 
The choice of needle closing pressure has no capital influenced 



Tableau 1 c 



pu = 610 aim S, = 0,2827 mm^ — 4 X 0,30 — p/, = 120 aim. 



Engine 
■peed 


Tare of 
balance 


Horse- 
power 


Time to 
burn _ 
100 cm"* 


Specific 
consump 
tion 


Return 

of 
■prlngA 


Inject'n 
advance 
angle 


llaxuBun 
pres. of 
cycle 


rpm 




tip 






ke 


degrcs 


nlni 


800 


0,500 


0,40 


6'34- 


1.900 


17 


10 


40 


800 


3,400 


2,72 


4'60' 


380 


17 


10 


48 , 


800 


6,200 


4,96 


3'57' 


256 


18,5 


9 


62 ; 


800 


8,900 


7,32 


3'10" 


216 


20,5 


7 


50 , 


800 


10,1(10 


8,08 


2'55' 


212 


22 


6 


50 - 


SOO 


11,400 


9,12 


2'39'' 


208 


22 


6 


52 : 


SOO 


13,.800 


11,04 


2'14' 


202 


23,5 


4 


50 1 


8(10 


11,900 


12,32 


2' 2- 


200 


23,5 


4 


51 . 


SOO 


15,900 


12,72 


1'54' 


207 


23,5 


4 


52 


800 


16,900 


13,52 


1'42- 


219 


23,5 


4 


56 


SOO 


17,700 


14,16 


1-28" 


241 


23,5 


4 


60 



Faster run, idling 200 rpm. 

Minimum consumption: 200 gApA at 12.32 hp, 61.5 mm-' injected. 
Maximum injection: 85 mm^, maximum stroke: Z.35 mm. 



Tableao I d 



JD,, = 6K) aim S, = 0,2945 mm' — 6 X 0,25 - pi, = 120 afm. 



Snglne 
■posd 


Itre of 
balftnc* 


Horse- 
power 


lime to 
burn 
100 cm^ 


Specific 
consump 
tlon 


Return 

of 
■prlngA 


Inject "n 
advance 
angle 


Uaxlmvun 
pres. of 
cycle 


t-pm 


kg 


hp 




g/hp/li 


k8 


ilegrus 


otm 


800 


0,600 


0,40 


7'16- 


1.720 


17 


10 


42 


800 


3,300 


2,64 


5'14' 


362 


17 


10 


47 


800 


6,100 


4,88 


4' 2- 


253 


18,5 


9 


48 


800 


8,600 


6,88 


3'17' 


221 


20,5 


7 


51 


800 


9,900 


7,92 


2'59' 


211 


22,5 


S 


52 


800 


11,100 


8,88 


2'45- 


204 


22,5 


5 


53 


800 


13,500 


10,80 


2'23' 


194 


22,5 


5 


54 


800 


14,800 


11,84 


2'13- 


190 


22,5 


■ 5 


63 


800 


16,000 


12,80 


2' 3" 


189 


24,5 


1 


52 


800 


17,100 


13,68 


1'51' 


197 


24,5 


1 


52 


800 


18,300 


14,64 


1'40' 


205 


24,5 


1 


54 


800 


19,200 


15,36 


1'29" 


219 


24,5 


1 


60 



Fast run, no knock. Maximvim delay In the last four points. 
Idling 200 rpm. 

MinlrauBi consumption: 189 gApA a* 12.80 hp, 61 mm' injection. 
Maximum InjecUont 8^.5 mm?, maximum stroke: i,} mm. 



Tableau I e 



pii - 610 atm S, = 0,3142 mm^ — 10 X 0,20 — pi, = 120 aim. 



Snglne 
speed 


Tare of 

■balance 


Horse- 
power 


Time to 
burn „ 
100 cm^ 


Specific 

cons^imp 
tien 


Ho turn 

of 
spring A 


Inject "n 
advance 
angle 


Uaxinum 
pres. of 

cycle 




kg 


hf 


s 




H 


degrcs 


11 tm 


800 


0,700 


0,56 


6'30' 


1.380 


17 


10 


42 


800 


3,700 


2,96 


4'50' 


349 


17 


10 


48 


800 


6,600 


5,28 


3'46' 


252 


18,5 


9 


50 


800 


9,000 


7,20 


3'01- 


230 


18,5 


9 


52 


800 


10,000 


8,00 


2'49' 


222 


22,5 


5 


48 


800 


11,300 


9,04 


2'36' 


212 


22,5 


5 


48 


800 


13,900 


11,12 


2' 4" 


217 


22,5 


5 


48 


800 


14,800 


11,84 


1'50" 


218 


22,5 


5 


51 


800 


15,900 


12,72 


1'47" 


. 219 


24,5 


1 


60 


800 


16,800 


13,44 


1'40' 


223 


24,5 


1 


62 


800 


17,700 


14,16 


1-22' 


250 


24,5 


1 


65 



Bun violent; crests of explosions at almost constant volume. 
Minimum consumption: 212 gApA et 9.0^ hp, 48 mm? injection volume. 
Maximum injection: 81.5 mm^, maximum stroke: ^^.15 mm. 



Tableau I f 

pti = 6!0 aim S, = 0,4240 mm« — 6 X 0,30 — pi, = 120 atm. 



Snglne 


lare of 


Horse- 


Time lol Specific 


Heturn 


Inject 'i 


llazimum 


speed 


balance 


power 


burn „ 
100 cm^ 


consump 

tlon 


of 
spring A 


advance 
angle 


pres. of 

cycle 


f pm 


kg 


hp 




e/hp/h 


kg 


dcgres 


aim 


800 


0,700 


0,56 


6'36- 


1.350 


17 


10 


35 


800 


3,400 


2,72 


4'58' 


370 


17 


10 


40 


800 


6,400 


5,12 


3'53" 


252 


18,5 


9 


45 


800 


8,900 


7,12 


3'10' 


222 


18,5 


9 


53 


800 


10,100 


8,08 


2'53" 


214 


20,5 


7 


53 


800 


11,400 


9,12 


2'40' 


205 


20,5 


7 


56 


800 


13,400 


10,72 


2'17" 


203 


22,5 


5 


49 


800 


14,700 


11,76 


2' 7' 


201 


23,5 


4 


43 


800 


16,100 


12,88 


1'55' 


202 


23,5- 


4 


52 


800 


17,200 


13,76 


1'45' 


207 


24,5 


1 


56 


800 


18,400 


14,72 


1'36' 


213 


24,5 


1 


60 


800 


19,500 


15,60 


1'25' 


219 


24,5 


1 


62 



Run very brisk without knocking; idling 200 rpm, pick-up very 

vigorous. 

Specific consumption almost constant between 8 and I5.6 hp. 
Minimum consumption: 202 gApA a* 12.88 hp, 65 mm^ injection. 
Maximum injections 88 mm-', m^mum stroke: ^.iiS mm. 



Injection preasurej 425 atm 

Tableau II a 



pii = 425 atm S, = 0,1256 mm« — 4 X 0,20 — pi, = 120 aim. 



Engine 
■peed 


Tare of 
balance 


Horse- 
power 


Time to 
burn , 
100 cm"* 


Specific 
COOBump 
tlon 


Heturn 

of 
spring A 


Injectto 
advance 
angle 


Uazlmum 
pres.of 
cycle 


rpm 


kg 


hp 


5 


gybp/h 


kg 


dcgre. 


atm 


800 


0,700 


0,56 


6'35' 


1.350 


17 


10 


37 


800 


3,500 


2,80 


4'50' 


370 


17 


10 


43 


800 


6,200 


4,96 


3'52' 


261 


17 


10 


49 


800 


8,800 


7,04 


3'10' 


224 


18,5 


9 


48 


800 


10,000 


8,00 


2'53' 


217 


20,5 


7 


45 


800 


11,400 


9,12 


2'35' 


212 


20,5 


7 


45 


800 


13,700 


10,96 


210' 


209 


22,5 


5 


40 


800 


14,800 


11,84 


2' 


210 


22,5 


5 


50 


800 


15,900 


12,72 


1'48' 


218 


22,5 


5 


50 


800 


17,000 


13,60 


1'31' 


243 


22,5 


5 


52 


800 


17,700 • 


14,16 


1'22' 


260 


22,5 


S 


54 



Run normal, the peak pressure of the cycle increases a little with 

the charge; idling at 200 rpm. 
Minimum consumption: 209 gApA at 10.96 hp, 57.7 mm^ injection. 
Maximum Injection: 88 mm^, ma^dmum stroke: 3.15 mm. 



Tableau II b 



pi, = 425 atm S, = 0,1256 mrnS — 4 X 0,20 — p,, = 305 atm. 



Engin* 
Bpacd 


Tare oj 
lialanca 


Horse- 
power 


Time to 

Irarn , 
100 cm- 


Specific 
consump 
tlon 


fieturn 

of 
■prtngA 


Inject 'n 
advance 
angle 


Uaxlnnim 
prei* ef 

cycle 


rpm 


ke 


hp 




E*p/li 


ke 


(icgrcs 


ntiii 


800 


0,700 


0,56 


6'50' 


1.310 


17 


10 


38 


800 


3,300 


2,64 


5' 4' 


375 


17 


10 


41 


800 


5,900 


4,72 


4' 5' 


260 


20,5 


7 


40 


800 


8,600 


6,88 


3'17* 


222 


20,5 


7 


44 


800 


9,700 


7,76 


3' 


215 


20,5 


7 


45 


800 


11,100 


8,88 


2'42' 


208 


20,5 


7 


45 


800 


13,000 


10,40 


2'19' 


207 


20,5 


7 


45 


800 


14,200 


11,30 


2' 4' 


204 


20,5 


7 


46 


800 


15,500 


12,40 


1'52" 


216 


20,5 


7 


47 


800 


16,500 


13,20 


1'41' 


225 


20,5 


7 


47 


800 


17,500 


14,00 


1'25' 


252 


20,5 


7 


52 



Without changing the injection advance the pressure peak of Wie 

cycle increases very little rtth the charge. 
Normal run - idling: 200 rpm. 

Minimum consumption: 204 g/hpA ^.t 11.36 hp, 60.6 mm^ 
Uaximuffl injection: 38 nm^, maximum stroke: 3.10 mm. 



Tableau II c 



pi, = 425 atm S, = 0.2827 mm' — 4 X 0,30 — pi, = 120 aim. 



Engine 
speed 


Tare of 
lialance 


Horie- 
power 


Qme ts 

hum 
100 cii|2 


Specific 
contump 
tlon 


Return 

of 
springA 


Inject "n 
advance 
angle 


Uazimum 
pres. of 

cycle 


rpm 


he 


bp 


s 


Bhp/li 


H 




iilm 


800 


0,500 


0,40 


6'40' 


1.870 


17 


10 


38 


800 


3,300 


2,64 


5' 6' 


370 


17 


10 


■15 


800 


5,700 


4,56 


4' 7- 


261 


17 


10 


49 


800 


8,200 


6,56 


3'22' 


226 


18,5 


9 


52 


800 


9,400 


7,62 


3' 3- 


218 


20,5 


7 


53 


800 


10,900 


8,72 


2'45' 


208 


22,5 


5 


52 


800 


12,900 


10,32 


2'24' 


201 


22,5 


5 


56 


800 


13,900 


11,32 


2'12' 


199 


23,5 


4 


52 


800 


15,400 


12,32 


1'58' 


205 


24,5 


1 


50 


800 


16,400 


13,12 


1'47- 


206 


24,5 


1 


53 


800 


17,700 


14,16 


1'36' 


221 


24,5 


1 


55 


800 


18,500 


14,80 


1'20' 


252 


24,5 


1 


58 



Run faster; injection at dead oenterj idling: 200 rpm. 
Minimum consumptions 199 g/hp/h at 11.32 hp, 57 mm' injection. 
Maximum injection: 94 mm^, maximum stroke: 3.3 mm. 



Tableau II d 

425 aim S; = 0,2945 mm« — 6 X 0,25 — pi, = 120 atm. 



Engine 


Tare of 
halance 


Horse- 
power 


Time to 

bum 
100 cu? 


Specific 
coneusip 
tlsn 


Return 

of 
rpring A 


Inject 'n 
advance 
angle 


Maximum 
prat, of 

cycle 


rpm 


kg 


hp 




g/tip/h 


ks 


(Icgrcs 


alnl 


800 


0,700 


0,56 


6'30' 


1.375 


17 


10 


32 ; 


800 


3,300 


2,64 


4'63- 


388 


18,5 


9 


37 


800 


6,100 


4,88 


3'53- 


263 


18,5 


9 


39 


800 


8,600 


6,88 


3'15' 


224 


18,5 


9 


48 


800 


9,800 


7,84 


2'59' 


213 


18,5 


9 


50 


800 


11,300 


9,04 


2'40' 


207 


20,5 


7 


53 


800 


13,300 


10,64 


2 '25' 


195 


20,5 


7 


58 


800 


14,500 


11,60 


2'15' 


192 


23,5 


4 


53 : 


800 


15,500 


12,40 


2' 4' 


196 


23,5 


4 


56 


800 


10,700 


13,36 


1'51' 


202 


24,5 


1 


53 , 


800 


17,900 


14,32 


1'39- 


211 


24,5 


1 


56 . 


800 


18,900 


15,12 


1'27' 


229 


24,5 


1 


60 ' 



Hun fast - quick pickup - Idling: 200 rpm. , 

Minimum consumption: 192 g/hp/h at 11.60 hp, 55.6 mm injection. 

Maxlnmm injection: 86 mm^, maximum stroke: 3.04 mm. 



a ■ 
> 
a 
> 



Tableau II e 

/)(. = 425 aim S, = 0,31416 mm« — 10 X 0,20 — pi, = 120 alin. 



Engine 
speed 


Tare oi 
balance 


Horse- 
power 


Time to 
hum _ 
100 cm3 


Spedllc 
consump 
tlon 


Return 

of 
springA 


Inject 'n 
advance 
angle 


MudDum 
pret.ef 
cycle 


rpm 


ts 


hp 


s 


B'hp/h 


ke 


dcgrts 


aim 


800 


0,500 


0,40 


6'64' 


1.800 


17 


10 


39' 


800 


3,100 


2,48 


5'32- 


367 


17 


10 


45 


800 


5,700 


4,56 


4' 


264 


17 


10 


.47 


800 


8,200 


6,66 


3'17' 


233 


20,5 


7 


48 


800 


9,600 


7,68 


2'58' 


219 


20,5 


7 


48 


800 


10,800 


8,64 


2'39' 


218 


20,5 


7 


60' 


800 


13,500 


10,80 


2' 3' 


225 


22,5 


5 


49 


800 


14,100 


11,28 


1'55' 


231 


24,5 


1 


46 


800 


15,500 


12,40 


1'38' 


246 


24,5 


1 


52 


800 


16,500 


13,20 


1'22" 


276 


24,5 


1 


52 


800 


17,400 


13,92 


1' 


359 


24,5 


1 


60 



Run fast - pickup mediocre, idlings 200 rpm. 
Minimum consumption: 218 g/hj/h at 8.64 hp, 47 mm^ injection. 
Maximum injection 125 mm^, maximum strokes 4.4O mm, 359 g/bp/h at 
13.92 hp. Injector ftlth 10 orifices of 0.20 poorly suited. 
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Tableau II f 

pii = 425 atm S, = 0,4210 mm' — 6 X 0,30 — pi, = 120 aim. 



speod 




Horae 
power 


Urn* to 

bum 
100 ciii3 


Specific 
coniuDp 

tlon 


fieturn 

of 
■priogA 


Inject 'n 
advance 
angle 


pree.of 

cycle 


rpm 


H 




s 


gjhp/h 


ke 


d<:grus 


nim 


800 


0,500 


0,48 


6'34' 


1.810 


17 


10 


32 


800 


3,300 


2,64 


4'50' 


392 


17 


10 


40 


800 


6,100 


4,88 


3'50' 


267 


17 


10 


47 


800 


8,600 


6,88 


3'11' 


228 


18,5 


9 


50 


800 


9,600 


7,68 


3' 


217 


20,5 


7 


47 


800 


11,300 


9,04 


2'41' 


205 


22,5 


5 


47 


800 


13,500 


10,80 


2'20' 


198 


22,5 


5 


50 


800 


14,500 


11,60 


2'11' 


197 


24 


3 


50 


800 


15,700 


12,66 


1'58' 


203 


24 


3 


52 


800 


16,700 


13,36 


1'48' 


206 


24,5 


1 


57 


800 


17,900 


14.32 


1'.38' 


215 


24,5 


1 


60 


800 


19,100 


15,28 


1'28' 


224 


24,5 


1 


60 



Run fast, pickup excellent; idling 200 rpm. 

Uinimum consumption: 197 gApA a* 11.60 hp, 57.5 mm-' injection. 
Hoxlmua injection: 35 mm^. 15.28 hp; maxlmma stroke: 3 mm. 



Injection pressure; 310 atm. 

Tableau III a 



/>(j = 310 aim S, = 0,1256 mm' — 4 x 0,20 — pi, = 120 aim. 



Sagine 
■peed 


lare ef 
balance 


Heree- 

power 


Tine to 
bum 

100 CB^ 


Specific 
coneump 
tion 


Return 

of 
oprlngA 


tnject'n 
advance 
angle 


Uajdmam 
pree.ef 

cycle 


rpm 


k« 


hp 


S 


g.tip/ii 


kS 




atm 


800 


0,600 


0,48 


6'26' 


1.610 


17 


10 


31 


800 


3,400 


2,72 


4'42- 


392 


17 


10 


35 


800 


6,200 


4,96 


3'39- 


277 


17 


10 


35 


800 


8,700 


6,96 


2'58' 


243 


17 


10 


37 


800 


9,900 


7,92 


2-39' 


237 


17 


10 


37 


800 


11,300 


9,04 


2-24' 


231 


17 


10 


40 


800 


13,500 


10,80 


2' 1' 


231 


17 


10 


41 


800 


14,700 


11,76 


1'42' 


250 


17 


10 


42 


800 


15,800 


12,64 


1'27' 


271 


17 


10 


42 



Run very smooth, pickup mediocre, idling: 200 rpm. 
Minimum consumption; 231 g/hp/h at 10.80 hp, 62 mm^volume 
Ua:xlmum injection: 86 mm^, maximum stroke: 2.23 mm. 
Weak peak pressures in cycle; no adjustment of advance. 



Tableau III b 



pi, = 310 atm S, = 0,1256 mm' - 4 X 0,20 — p,-, = 305 atm. 



Engine 
■peed 


Tare of 
balance 


Horse- 
power 


Tine 
to burn 
100 cm^ 


Specific 
coniuip- 
tlon 


Eetiyn 
iprlngA 


Injecfn 
advance 
angle 


Uaxlimm 
prei. of 

cycle 


^pm 




hp 


8 


g/hp/li 


kg 




aim 


800 


0,500 


0,40 


716- 


1.715 


17 


10 


36 


800 


3,300 


2,64 


5'12- 


365 


17 


10 


36 


800 


5,800 


4,64 


4' 3- 


267 


17 


10 


38 


800 


8,100 


6,48 


3'20' 


231 


17 


10 


40 


800 


9,000 


7,20 


2'57- 


235 


17 


10 


38 


800 


10,900 


8,72 


2'33' 


226 


17 


10 


36 


800 


13,100 


10,48 


2'09' 


223 


17 


10 


37 


800 


14,200 


11,36 


1'56' 


228 


17 


10 


39 



Run very smooth, engine sluggish, no pickup, idling 200 rpm. 
No change in advance. Peak pressure of cycle rises very little 
with charge. 

Minimum consumption: 223 g/hpA a* 10.48 hp, 58 mm-" injected. 
Maximum injection: 65 mm^ at 11.36 hp, maximum stroke: 1.7 mm. 



Tableau III c 

pii = 310 aim S, = 0,2827 mm» — 4 X 0,30 — pi, = 120 atm. 



£nglne 
speed 


Tare of 
balance 


Horse- 
power 


Time to 
burn - 
100 cm3 


Specific 
consump 
tion 


Beturn 

of 
ipnng A 


Inject ' n 
advance 
angle 


tfazljimin 
pres. ef 
cycle 


rpm 


kg 


hp 




Blip/l. 


kg 


ilegr^s 


atm 


SOO 


0,600 


0,48 


0'52' 


1.515 


17 


10 


33 


BOO 


3,100 


2,48 


5' 6- 


398 


17 


10 


40 


800 


5,600 


4,48 


4' 4' 


274 


17 


10 


43 


800 


8,400 


6,72 


3'20' 


222 


17 


10 


44 


800 


9,500 


7,60 


3' 


219 


17 


10 


44 


800 


10,800 


8,64 


2'43' 


212 


18,5 


9 


42 


800 


13,100 


10,48 


2'15' 


211 


18,5 


9 


46 


800 


14,100 


11,28 


2' 7' 


209 


18,5 


9 


48 


SOO 


15,300 


12,24 


1'51' 


221 


18,5 


9 


48 


800 


16,400 


13,12 


1'38' 


233 


18,5 


9 


48 



Run smootii, pickup good, idling: 200 rpm. 

Minimum consumption: 209 g/hpA ^'^ 11.28 hp, 59 mm^ injected. 
Maximum injection: 77 mm^ at 13.12 hp, maximum stroke: 2 mm. 



Tableau III d 



pii = 310 aim S; = 0,294.) m\ifi — B X 0,25 — /«, = 120 aim. 



Engine 
speed 


Tare of 
'balance 


Horse- 
power 


X XulU wU 

lo6"ciii3 


consudp 
tion 


T3» 

of 
springA 


u^}tx^u n 
advance 
anile 


MaxiiQUin ^ 
pre 3. of 
cycle 


rpm 


kB 


hp 




Bhp/li 




— 




800 


0,000 


0,48 


6'20' 


1.625 


17 


10 


. 35' 


800 


3,'IOO 


2,72 


4'10' 


386 


17 


10 


15 


800 


6,200 


4,06 


Sola- 


264 


17 


10 


■ 52 J 


800 


8,900 


7,12 


s' 0- 


223 


18,5 


0 




800 


10,000 


8,00 


2'54' 


215 


18,5 


1) 


57 


800 


11,500 


9,20 


2';i7- 


207 


22,.5 


5 


54 


800 


13,700 


10,06 


2'16- 


201 


22,5 


5 


5il 


800 


14,700 


11,70 


2' 8' 


108 


22,5 


5 . , 


. 54 


800 


16,100 


12,88 


1'52' 


207 


24,5 


1 


" 54 


800 


17,100 


13,68 


1'39' 


231 


24.5 


1 


55 


800 


18,000 


14,40 


1'25- 


245 


24,5 


1 


57 



Bun faster - by super charge injection tt clerd center, pickup 

very good, idling: SOO to^i. 
Kinimum consumption; 138 g/npA 11.76 hp, 59 mii'' injeclf-d : 

volume . 
UaxiauB stroke: 2.27 mm. 
Ilazliiinm injection; 88 m^, 14.40 bp . 

TaJII.I'.M: III I' 



/>(j = 310 aim .S- = 0,314 mini - H) X 0,20 — /J,, 12(1 :ilin. 



Engine 
speed 


Tare of 
'balance 


Horso- 
power 


Time to 

burn , 
100 cm3 


Specific 
consump 
tion 


Return 

of 
springA 


Inject 'n 
advance 
angle 


Maxinmm 
prea of 
cycle 


rpm 


I'S 


hp 


s 


sWi 


H 




.11(11 


SOO 


0,500 


0,10 


6'5.S- 


r.7!in 




10 


III 


SOO 


3,100 


2,48 


5' 3- 


3!l!) 


l; 


111 


15 '< 


800 


5,700 


4,50 


3'5S' 


276 


17 


lu 


' 


800 


8,000 


0,40 


3'15" 


210 


17 


10 




SOO 


9,200 


7,30 


2'.'>S' 


230 


l.S,5 


i) 




800 


10,700 


8,ri« 


2'40' 


2111 


22,5 




Hi 1 


800 


12,700 


10,10 


2'11- 


225 


22.5 




46 


800 


13,800 


11,04 


2' 


227 


22.5 


■I 


16 


800 


15,100 


12,08 


1'3!)" 


2511 




.} 


16 


800 


16,200 


12,96 


l'l.i" 


312 


22.5 


5 


46 ! 



Bagine sluggish, without pickup, idling: 200 rpm. 
Minimum consumption: 219 g/hp/h 5t S.56 hp, volume injected 
47 mm^. 

Maximum injection: 100 mm^, at 12.96 hp, maximum f.troke:2.6 ixi. 



Tableau III / 



pu = 310 aim S, = 0,4240 mms — 6 X 0,30 — pi, = 120 aim. 



Engine 
speed 


llare of 
'balance 


Horse- 
power 


Time to 
burn ™ 
100 cm3 


consump 
tion 


of 
spring A 


Inject 'n 
advance 
angle 


Uaximum 
pres. of 
cycle 


rpm 


>.» 


hp 






!.» 


, lll-glVi. 


nun 


800 


0,600 


0,40 


6'42" 


1.865 


17 


10 


40 


SOO 


3,200 


2,56 


' 5' 


'391 


17 


10 


. 46 


800 


5,700 


4,56 


3'5S' 


' 276 


17 " 


10 


50 


800 


8,400 


15,72 


. 3'15' 


229 


18,5 ' 


"'. 9 


48 


SOO 


9,500 


7,G0 ■ 


2'59- 


221 


• 18,5 


9 


50 


• 800 


.10,800 


8,64 ■ 


;. 2'42' 


213 


22,5' ' 


5 


• 52 


800 


12,000 


iy,'32 


2'IS' 


209 


22,5 


■ 5 


52 


800 


14,100 


11,28 ■ 


2' 8' 


207 


22,5 


■ 5 


" 52 


800 


15,400 


12,32 


' 'r54- 


211 


22,5 


5 


. : 52 


1 800 


16,700 


13,36 ■ 


1'38' 


229 


22,5 


5 


, 52 


1 SOO 


17.000 


14,08 


1-23' 


257 


22,5 


5 


52 



Run nonrial, pickup good; idling; 200 rpnij : 
Peak pressure in cycle shows no increase with charge. ? 
liininrum conaumption: 207. g/hp/h at 11.28 hp; Injecticn, ; 

59 iiira^. . - j' 

Maxlnram injection: 90 mm^ at-14.08 hp, • ]■ 

Maxlmmi stroke: 2i34 mm'. ' ■,' 



Kerosene density: 0.808 
Injection pressure; .610 atm 



Table lb (Kerosene) 
p=610 atm S=0.1256 inm2_4w0.20-p-305 atm t=0. 00215 ma/* 



Engine 
speed 


Tare of 
balance 


ttorsa 
power 


Time to 

bum , 
100 cm"* 


Specific 
consump 
tion 


Return 

of 
spring A 


Inject 'n 
adrance 
angle 


Ua^um 
pres of 
cycle 


rpm 


1^1^ 


hp 




B/t^l' 


*B 


degres 


aim 


SOO 


0,500 


0,40 


7' 


1.725 


20,5 


7 


38 


800 


3,200 


2,56 


5' 


376 


20,5 


7 


43 


SOO 


5,700 


4,50 


4' 3" 


262 


20,6 


7 


- 48 


800 


S,300 


6,04 


3'20' 


222 


20,5 


7 


; 46 


800 


9,400 


7,52 


2'57" 


218 


20,5 


7 


50 


800 


10,800 


8,64 


2'40' 


210 


20,5 


7 


■52 


800 


12,000 


10,32 


2'17' 


205 


20,6 


7 


52 


SOO 


14,000 


14,20 


2' 4' 


208 


20,5 


7 


" 52 


800 


IG,,™ 


13,04 


1'45" 


211 


20,5 


7 


53 


800 


17,300 


13,84 


1'32' 


228 


20,5 


7 


56 
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12. Inflection of ^agoline.-* Injector No. l-ls was 
tested with a T^eavy fuel of 0.750 density; starting the 
engine, hot or cold, was impo s siT5le . The engine started 
with ^as oil, since it is well known that in suhstituting 
gasoline for gas oil when the hot engine is turning at its 
normal speed, the injected fuel does not ignite, no mat- 
ter what the injection advance. 

A 50-percent hlend of gasoline and gas oil permits 

spontaneous ignition when the volume injected is great, 
"but the horsepower developed for this volume is very in- 
ferior. 

Experience seems to indicate that the phenomena of 
autoignition in gasoline engines result from the compres- 
sion of the fuel-air mixture, which must have greater 
knock characteristics than the fxiel injected in the hot 
air of compression. But most often the knock arises from 
an incandescent point in the working chamber. This hot 
point is either a carhon deposit on the "bottom of the pis- 
ton, or on the exhaust valve, or some "badly cooled metal- 
lic roughness. 

13. Injection. of k erosene.- The same experiment was 
repeated with kerosene of 0.808 density. Start from cold 
is instantaneous; the engine turns over; pick-up is vigor- 
ous. The recorded cur^e is as follows: 
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The engine'acts perfectly; the dia^ram.s indicate more 
moderate explbsioa crests" than when, using ^as- oil. With- 
out chan^^ing the point of injection, the p.eak .pressure of 
the cycle rises "but slowly with the charge, and remains 
within accept.ahle limits. ., ' • 

The consumption is, in every point, comparable with 
that recorded with the same device usin^ gaS oil. (See 
tahle Ih.) The maximum power developed is higher hy one- 
half horsepower. Idling is impeccahle at 200 rpm - as for 
all tests made with gas oil. 

14. Comparat i ve measur emen . - The "basis of compari- 
son was the recorded power and consumption curve of the 
Winterthur Diesel engine with normal equipment, Bosch pump, 
and injector. 

The plunger of the Bosch pump has a diameter of 6.5 mm 
S3 = 33.18 mm^ . The injection needle (3 and 6 mm D) per- 
mits a differential section of 21.20 mm3 . The spring S 

of the needle, has a for-.ce of 37 kg, which defines the 
opening of the needle at a pressure pj!_^ ,= 175 atm. 

The section of passage of the nozzle (four holes of 
0.20 mm diameter) is = 0.1256 mm^. The pump is set 

for: start of inject'ion, 15° B.T.C.; end of injection, 
maximum feed, 20° A.T.C.; amplitude at maximum feed, 35°. 

TABLE IV. Bosch Oali"bration Curve 



G-as-Oil -density , 0.836 at 17° 0 



Engine 


Initial 


Ho r se- 


T i m e for 


Specific 


Inj ection 


Maximum 


speed 


force of 


power 


■burning ' 


consump- 


advance 


pre s sure 




"balance 




100 cmS • 


ti on 




of cycle 


rpm 


kg 






g/hp/h 


dog ' 


atm 


800 


0.500 


0.40 


6 ' 47" . 


1 ,840 


15 


38 


800 


3.100 


2 .48 


4 ' • 40" . 


432 


15 • 


42 


800 


5.800 


4.64 


3 ' 59" . 


270 


15 


48 


800 


8.200 


6 .56 


3' .12" 


238 


15 


54 


800 


9.600 


7.68 


2 ' 54" 


224 


15 


58 


' 800 


10.800 


8.54 


2 « 36" 


222 


15 


58 


800 


11.800 


9.44 


2' 16" 


234 


15 


59 


800 


12.800 . 


10.24 


1' 58" 


248 


15 


57 



At 10 hp the engine knocks harshly. idling, impossi"ble to 
maintain "below 400 rpm. Pick-up, mediocre. "Volume in- 
jected at maximum power of 10,24 hp (100 cmS in 118 s) 
is 63.7 mm3 , making the effective pump stroke, 1.95 mm=c 
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The active angle of the cam controlling the pump is 
therefore 19° 30', and the duration of maximum injection, 
0.00406 second. 

Assuming the speed t„ of the plunger as constant for 
the duration of the injection, = 0.48 m/s . The pres- 

sure pj_^ maintained hy the pump is here, as seen p.revious- 
ly : 

Pis = VlFs;; = ^^2.4 atm 

The spring H. permits the needle to open at a pressure 
= 175 atm, and we see that this pressure is not main- 
tained hy the pump. The inj.ection is hy jerks. 

Por a more complete check on the laws of injection in 
the light of thes'b experiments, the follo\Ting changes were 
made on the Bosch oquipnent : Start of injection, 10° B.T.C. 
end of maximum injection, 8°A.T.C.; amplitude at maximum 
feed, 18°; spring, H 25.900 kg; ot)ening pressure, p. 
120 atm. - • . . ^1 



TABLE v.- Bosch Calibration Curve 



Anplitude 18° 


Ad van 


ce 10° 


Pros sure 


p^ = 120 atm 


Engine 


Initial 


Horse- 


Time for 


Specif i c 


In j ection 


Maximum 


speed 


force of 


power 


"burning 


consunp- 


advance 


pressure 




"balance 




100 cn3 


ti on 




of cycle 


rpn 


kg 






g/hp/h 


deg 


, atn 


800 


0.600 


0.48 


- 6 ' 30" 


1,610 


10 


41 


800 


3.300 


2.64 


41 4411 


401 


10 


48 


800 


6 .100 


4.88 


3' 50" 


268 


10 


53 


800 


8 . 800 


7.04 


3' 10" 


225 


10 


60 


800 


10.000 


8.00 


2' 55" 


215 


10 


52 


800 


11.300 


9 .04 


2» 39" 


210 


10 


64 


800 


13.500 


10, 80 


2' 17" 


203 


10 


65 


800 


14.900 


11.92 


2 1 5 " 


201 


10 


66 


800 


16 .100 


12 . 88 


1' 53" 


207 


10 


66 


800 


17.300 


13.84 


1' 34" 


231 


10 


63 



Hun lively; pick-up "better. The engine does not knock when 
supercharged. Idling: 350-400 rpm. The peak pressures 
of the cycle are raised. At the same setting of the 
Bosch pump, a last curve is plotted "by simply douhling 
the opening pressure p^ : R = 51 kg; = 240 atm. 



NAOA Technical Memorandum No. 993 



31 



TABLE VI. Bosch Calihration Curve 



Amplitude 18° Advance 10° Pressure = 240 atm 



Engine 


Initial 


Horse- 


Time for 


Specific 


Inj ection 


Maximum 


speed 


force of 


power 


"burning 


consump- 


advance 


pre s sure 




"balance 




100 cmS 


tion 




of cycle 


rpm 








g/hp/h 


deg 


atm 


800 


0.600 


0.48 


6 ' 30" 


1 ,610 


10 


43 


800 


3.300 


2.64 


4' 54" 


388 


10 


48 


800 


6.100 


4.88 


3 ' 5 8" 


■ 260 


10 


52 


800 


8.800 


7.04 


3' 15" 


220 


10 


5 8 


800 


10.000 


8.00 


2' 56" 


214 


10 


58 


800 


11.400 


9.12 


2' 39" 


208 


10 


60 


800 


13.3 00 


10.64 


2' 17" 


206 


10 


64 


800 


14.400 


11.52 


2 ' 9" 


202 


10 


62- 


800 


15.800 


12.64 


1' 53" 


211 


10 


62 


800 


16 .900 


13.52 


1' 38" 


226 


10 


62 



Dou"blin§ the opening pressure p^ does not change the 



running of the engine. The specific consumption is some- 
what "better; the maximum power developed, a little poorer. 
Idling at 400 rpm. 

Prom the last measurement, 13.52 horsepower, where 100 
cm"^ of gas oil is "burned in 98 seconds, we can compute: 

The useful stroke of the pump c, 2,35 mm 

Amplitude of maximum injection cp, 12° 21 » 

Duration: of maximum injection t = 0,00257 s 

Piston speed of the pump v , 0,915 m/s 

Pressure maintained hy the pump p^^ , 400 atm 

Measures V and VI, compara'ble in all points, clearly 

show that the force R of the spring of the differential 
needle plays no essential part in the injection and the 
com"bustion. 

Figures 7, 8, and 9 show the power developed "by the 
TTinterthur Diesel for the three sets of consumption curves 
in comparison with the cali"bration curves IV and VI. 
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No. 


Injection 
pressure 


Needle 
opening 

pressure 


NoBzles 


Injection 
period 


Number 


Diameter 


Section 




/If, aim 


pi, atin 




mm 




s 


IV 


112 


175 


4 


0,20 


0,1256 


0,00406 


VI 


400 


• 240 


4 


0,20 


0,1256 


0,00257 


I-a 


610 


120 


4 


0,20 


0,1256 


0,00215 


I-b 


610 


305 


4 


0,20 


0,1256 


0,00215 


I-c 


610 


120 


4 


0,30 


0;2827 


0,00096 


I-d 


610 


120 


6 


0,25 


0,2945 


0,00092 


I-e 


610 


120 


10 


0)20 


0,3142 


0,00086 


1-f 


610 


120 


6 


0,30 


0,4240 


0,00064 
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Fig 




No. 


Injection 
pressure 


Needle 
opening 
pressure 


Nozzles 


Injection 
period 


Number 


Diameter 


Section 




pt, atm 


' pi, atm 




nun 


mm* 


s 


IV 


112 


175 


4 


0,20 


0,1256 


0,00406 


VI 


400 


240 


4 


0,20 


0,1256 


0,00257 


Il-a 


425 


120 


4 


0,20 


0,1256 


0,00283 


Il-b 


425 


305 


4 


0,20 


0,1256 


0,00283 


II-c 


425 


120 


4 


0,30 


0,2827 


0,00126 


Il-d 


425 


120 


6 


0,25 


0,2945 


0,00121 


Il-e 


425 


120 


10 


0,20 


6,3142 


0,00113 


Il-f 


425 


120 


6 


0,30 


0,4240 


0,00084 
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Fig. 9 




Figure 9.- Power and consTmptlon curves of Winterthur- 
310 atm injection pre b sure. 



No. 


Injection 
pressure 


Needle 

opening 

pressture 


Nozsles 


LiJectioB 
period 


Number 


Diameter 


Section 




pi, atm 


pi, atm 




mm 


mm* 


s 


IV 


112 


175 


4 


0,20 


0,1256 


0,00406 


VI 


400 


240 


4 


0,20 


0,1256 


0,00257 


Ill-a 


310 


120 


4 


0,20 


0,1256 


0,00308 


Ill-b 


310 


305 


4 


0,20 


0,1256 


0,00308 


III-c 


310 


120 


i 


0,30 


0,2827 


0,00136 


Ill-d 


310 


120 


6 


0,25 


0,2945 


0,00131 


Ill-e 


310 


120 


10 


0,20 


0,3142 


0,00123 


Ill-f 


310 


120 


6 


0,30 


0,4240 


0,00091 
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Chapter 3 



. ANALYSIS OF TEST- STAND DATA 

Effects of Pressure, Speed, and Di stri'bution of Injection 

on the Engine Efficiency 



Examination of the curves in figures 7, 8, and 9 af- 
fords the following conclusions: 

a) Por an identical injection pressure, the specific 
consumption decreases while the power which the engine can 
develop, increases in relation to the rapidity of injection. 

Por instance: 

Curve I-a...230 g/hp/h at 13.58 hp ... duration t=0. 00215 s 

Curve I-f...219 g/hp/h at 15.60 hp. . .duration t=0. 00064 s 

h) Terming the power corresponding to minimum specif- 
ic consumption, the economical power of the engine, it is 
seen that this economical power rises in relation to the 
speed and to the injection pressure. 

Por instance: 

Curve I-f (pi = 610 atm, t = 0.00064 s) indicates 
a minimum consumptiSn of 202 g/hp/h for a developed power 
of 12.88 hp, while curve Illa (p. = 310 atm. t = 0.00308 

s) shows a minimum consumption of 230 g/hp/h at 10,80 hp. 
Curve I-f is very flat and the consumption may vary he- 
tween 7 and 16 horsepower and, unlike curve Ill-'a, which 
rises rapidly above 10 horsepower, and even less for the 
calibration curve IV (-p^^ = 112 atn, t = 0.00406 s), 

which already rises at 8 horsepower. 

c) In the direct injection engine, without turbu- 
lence, dealt with here, the choice of nozzles and the dis- 
tribution of jets in the combustion chamber is not un- 
important. In fact, the curves e (S^ = 10 or:'.iices of 
0,20 mm) show a characteristic anomaly from tha point of 
view of specific consumption, as of the horsepower devel- 
oped. The strainer with 10 holes of 0.20 mm, is poorly 
suited. 
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Fig. LO 
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Injection 
pressure 


Needle 
opening 
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Lajection 
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pi, atm 




mm 


mm" 
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IV 


112 


175 
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0,20 


0,1256 


0,00406 


VI 


400 


240 


4 


0,20 


0,1256 


0,00257 


I-d 


610 


120 


6 


0,25 


0,2945 


0,00092 


Il-d 


425 


120 


6 


0,25 


0,2945 


0,00121 


Ill-d 


310 


120 


6 


0,25 


0,2945 


0,00131 
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On the contrary, the three curves d (S., = 6 orifices 
of - 0,25 ma) ' show that the 'six no Z3 of 0.25 mm are appar- 
ently best suited to the ¥interthur eagine. Figure 10 il~ 
lustrates these three curves d 'in comparison with: the 
calihration curves IV and VI, 

The recording of the cons-ctmpt i ons at maximum poxirer 
developed a.t 800 rpm, and the minimum consumptions at eco- 
nomical power, gives the following tabulation: 



Consumption at Maximum and Minimum Power 





Pres- 


Surat ion 


Con RUitiD — 




Con sump— 


Economi- 


Test 


sure 




t i o n 


lio r s 6 


t i on 


cal 


Ho . 




milli- 




■n o w A T* 




horse— 




TD • atm 

« W* V All 


D C O W AX \JL iS 






power 


I-a 


610 


2.15 


230 a- 


b 13.68 


208 a1 


b 10.40 


I-h 


610 


2.15 


221 


13 . 36 


203 


11 . 04 


I-c 


610 


. 96 


■241 


14.16 


200 


12.32 


I-d 


610 


.92 


219 ■ 


15 .36 


189 


12.80 


I -e 


610 


. 86 


250 


14.16 


212 


9 .04 


I-f 


610 


.64 


219 


15 .60 


202 


12.88 


Il-a 


425 


2.83 


260 


14.16 


209 


10. 80 


Il-h 


425 


2. 83 


252 


14.00 


207 


10.40 


II-c 


'425 


1.26 


252 


14.80 


199 


.11.32 


Il-d 


425 


1.21 


229 


15.12 


192 


11.60 


Il-e 


425 


1.13 


259 


13.92 


218 


8.64 


. Il-f 


425 


.84 


224 


15.28 


197. 


11.60 


Ill-a' 


.310 • 


3.08 


271 


12.64 


231 


10.80 


III--b 


310 


3.08 


228 


11.36 


223 


10.48 


III-c 


310 


1.36 


233 


13.12 


209 


11.28 


Ill-d 


310 


1.31 


245 


14.40 


198 


11.76 


Ill-e 


310 


1.23 


312 


12.95 


219 


8.56 


Ill-f 


310 


.91 


25 7 


14.08 


207 


11.28 


IV 


112 


4.06 


248 , 


10.24 


222 


8,64 


VI 


400 


2.57 


225 


13.52 


202 


11,52 



Specific Power of an Injection Engine 

The specific power of a fuel-in^jection engine varies 
in th e inverse s ense of the dur ation of in .i ectio n.- Por a 
specified injection pressure the maximum power which the 
engine can develop is obtained when the total charge of 
fuel is introduced within the shortest time. 
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Figs. 11,12 
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Figure 11.- Maximum ani economic power of 
Wintertlnar-610 atm injection 

pressure. 
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Figure 12.- Power and consumption against injection 
pressure. Injector d-, 6 nozzles 0.25 mm 
in diameter; injection period t; 1.31, 1.21, 0.92 ms. 
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Specific Consumption 

The spe cif ic consumption of ,a f uel- in, 1 ec tlon engine 
varies _ln the i n verse sens e of the in .iectio n pre s sure . - 
These two'iaws are related through the following! 

The power and consumption operating -conditions of a 
fuel-injection engine improve with a reduction of the du- 
ration and an increase in injection pressure. 

Likewise, the economic horsepower of the engine in- 
creases in relation to the rate and pressure of injection. 
Heduction of the duration of injection is the chief fac- 
tor for improving the power and for lowering the specific 
fuel consumption. 



Ignition Lag and Duration of Injection 

The duration of injection seems to "be intimately re- 
lated to that of the ignition lag. In fact, torque-stand 
experiments show that when increasing the volume of injec- 
tion of any 'feed system, when the maximum power developed 
hy the engine is reached, it is impossible to increase 
this power further, and the fuel introduced in excess is 
decomposed into aldehydes and tars without other result 
than thick black smoke in the exhaust and. an exaggerated 
specific fuel consumption. 

It is "believed that, in order to o"btain a new power 
gain, it is necessary either to raise the piston displace- 
ment or to improve the tur"bulence so as to assure a "better 
mixing of the gas oil with the com"bustion air. Comparison 
of the torque-stand data proves it is otherwise when the 
displacement and the tur"bulence of the Winterthur engine 
remain equal for all curves, and that the power developed 
with the device No. I-f is nearly twice the rated engine 
power when fitted with its normal equipment Ho, . 

A simple calculation shows that wi-th No. I-f at 15.60 
horsepower, the air-fuel ratio is 23.5/1, with a specific 
consumption of 219 g/hp/h, while with No.- IV. the air-fuel 
ratio is 33/l and the specific consumption, 248 g/hp/h»- 

"Hence, with judiciously modified injection, it is pos- 
si"ble to raise the power supplied "by the engine and at the 
same time keep the consumption within tolera"ble limits. 
With tur"bulence, the engine manifested, of course, much 
lower air-fuel ratios. 
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Since the chief e-ffective factor is. the duration of 
injection, the plausible explanation of this statement is 
the following: 

It is natural' to. suppose that the particles at the 
tip of a fuel jet first penetrating the working chamher 
heat and ignite first equally and form a flame front ac- 
companied by zones of more or less impermeable instantane- 
ous positive pressures in the jets of the fuel nozzles. 
Ignition, being primed, the flame fronts expand and travel 
•very rapidly in the working chamber and, if the ignition 
has not been terminated when they arrive at the injector 
nozzles, the fuel introduced later loses part of its pene- 
tration, stops burning, or burns very, poorly without find- 
ing the air necessary, and in no way increases the power 
developed by the engine, 

Whereas, if the total charge of fuel is inducted and 
distributed properly in the workini; chamber of the engine 
before ignition takes place - that is, to say, during the 
very short- period of ignition lag, the penetration of the 
spray is not disturbed and the maximum power can be drawn 
from the engine \vith the minimum air-fuel ratio. 

To be sure, it is no less true that a well-conditioned 
turbulence in the combustion air is the easy way to lower 
the fuel-air ratio. By reducing the duration of injection 
and by raising the turbulence, there is nothing to prevent, 
a priori, the Diesel engine from supplying a specific 
horsepower comparable with (if not superior to, at equal 
speed), that of carburetor engines.. 

The numerous studies made for measuring the ignition 
lag have shown this .lag to depend upon several factors, 
the chief of which are: the compression ratio, the rate 
of rotation, the turbulence, and the shape of the combus- 
tion chamber.. These measures,. in general, given in de- 
grees, of crankshaft rotation, show that the ignition lag 
decreases when injection starts about 10° B.T.O. They 
similarly indicate a substantial reduction in ignition 
lag by a vigorous turbulence ii^ the engine chamber. 

The average ignition lag rBcorded.is from 5° to 12° 
crankshaft, when the engine speed with vigorous turbu- 
lence passes from 500 t.o 2000 rpm, for a compression ratio 
of 14. ' 

Now,, the angle of injection of a mechanically con- 
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trolled '.pump. Is always greater than 5°, even than 12°, 
The active part of a cam of -the pump records, in general, 
20° to 25° crankshaft, in such a way that thus far the to- 
tal charge of fuel is inducted within a period exceeding 
that of the ignition la^ considerahly,. 

That, we believe - and, as horne out by curves 7 to 
14 - is a sufficient reason why the Diesel cycle has re- 
quired up to now a higher air-fuel ratio than a gas or 
gasoline engine. The ignition lag measured in degrees. of 
crankshaft when translated into time, gives. 0.0017 second 
at 500. rpm, and 0.001 second at 2000 rpm, 

■By utilizing the compression for actuating the pump 
injector, the total fuel charge can be inducted into the 
engine chamber within the ignition lag period, as showm by 
I-f, for example, for which the time of injection is 
0,00054 second. 



At the exit of the injector nozzles the pressure of 
the fuel is transformed into speed. The fuel sprays in 
the working chamber at the instant of ignition occupy a 
well-defined position, which can be exactly determined, 
knowing the duration of the flow, if the speed of the fine- 
ly a.tomized particles follo^r a simple law of deceleration. 

The research carried out in various countries to de- 
termine the law of penetration of fuel sprays in compressed 
air, show- that the penetration is in function of the injec- 
tion pressure, but that the resistance of the compressed 
air undergoes at speed Vj of the sprays at the nozzle 
exit, a deceleration which is so much faster as the pres- 
sure of injection is higher. This should not be surpris- 
ing since the fineness of the atomized particles is pro- 
portional to the injection pressure, so that in the kinet- 
ic energy mv^/2 of each droplet, the mass decreases when 
the injection pressure increases, while the speed v rises, 



The penetration measurements have been made in con- 
tainers- of cold air or a neutral gas whose density corre- 
sponds to that of the working chamber of a Diesel engine 
at 14 compression ratio. But there is no motion of the 



Penetration, Dispersion, iDistribution, . and 
Pressure of Injection 



as seen, as function: of 




NAOA Technical Memorandum Ko . 993 



43 



gas itself in the container, no di sturlsance of pressure as 
set- up by the flame front in the chamber of an engine. It 
is doubtful that such measures correspond exactly with 
what actually transpires by injection into a combustion- 
chamber with high turbulence - all the more so as the pene- 
tration is proportional, not merely to the injection pres- 
sure, but is also dependent upon other factors: It grows 
with the nozzle length to diameter ratio - less dispersion - 
viscosity of the fuel - larger mass of droplet s ; -and it 
decreases as the compression increases - stronger resistance 
of the air. It is difficult to ascertain the exact dis- 
tance from the tip of the spray to the moment of ignition. 

Other than the duration and the penetration, the dis- 
persion likewise determines the quality of a combustion. 

Indeed, at the high pressures employed in direct in- 
jection, the flow in the spray nozzles is always turbulent 
and the sprays take the form of cones whose opening angle 
at the nozzle increases with the injection pressure and 
decreases in proportion to the nozzle length. 

Inducting the entire fuel charge within the ignition, 
lag time interval through nozzles in such number and dimen- 
sions that penetration, distribution, dispersion, and fine- 
ness of particles permit the injected fuel intimately to 
affect the entire volume of the compression chamber, the 
combustion will take place under conditions enabling the 
engine to develop its maximum power with a minimum fuel 
consumption. The specific consumptions themselves will be 
minimum at all charges and speeds .. b f " operation of the 
engine . 

There is one well-defined distribution and one injec- 
tion pressure suitable to the dimensions of a nonturbulentb 
combustion chamber. If the number of nozzles is insuffi- 
cient - curves I, II, Ill-a, III-»b, IV, and VI - four holes 
of 0,20 mm diameter - the distribution of the fuel is not 
sufficient. If the nozzles are too numerous, the injec- 
tion lacks penetration - curves I, II, Ill-e - six holes 
of 0,20 mm diameter,. 

Likewise, if the pressure is low, the penetration, 
dispersion, and fineness of particles are not sufficient, 
the atomization cones fill only part of the combustion 
chamber, with consequently mediocre power and specific 
consumption - curves IV, III-a,b,c, etc. 



IV.-pio =113atra;S7.0. 1356mra3-4x0.20; t: 0.004068, Pjn : 
10.24hp-348g/hp/h. Pressure and clistribution to 
weak-injection period to long. 

Ia.-pip=. eiOatm; 87:0. 1256rain2-4X0.30, t: 0.002 15 s, 

Pm : 13.68 hp-230g/hp/li. Distribution to weak- 
injection period to long. 




Ie.-pi2» 610atm;S7:0.3142ram'^-10x0.20, t:0.00086 s, Ptn: 
14.16 hp-250g/hp/h. Distribution excessive-lack 
of penetration. 

Id.-pip= 610atra;S7:0.2945ram2-6x0., 25, t: 0.00092 s, Pm : 

15.36hp -219g/lip/h. Period, pressure, and distribu 
tion of spray well adapted. 

Figure 15. 
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av 

'uf'-f&T Ilia. -pi2 = 310 atm;4 noezles of 
^-32 •• „ 0.20mi dia. 

IId.-pl2=425 atm; 6 nozssles of 
O.SSnaa dia. 




Figure 16a*-IIIa, idling; advance of ignition regulated Toy lowering 
the .tare of the return spring A; peak pressure of cycle 
rises with injection advance. 

Figure 16a.- Ila, idling; advance of injection: 10°. 

A constant pressure cycle is readily obtainable at 
idling and low charge. 



-42 a 



60" 



IV. -pig ="112 atm;4 nossles of 

O.SOmm dia. 
VI, -pig =400 atm;4 noasles of 

O.SOmin dia. 
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Figure 16b. -IV, 8.48 hp; advance : 15° .angle of explosion crater r60°,peak 
pressure of cycle :42 atm; low injection pressure compensated by greater 
advance 

Figure 16b. -VI, 0.48 hp; advance; 10°, angle of explosion crater: 70°, 
peak pressure of cycle; 43 atm, injection pressure compen- 
sated by greater injection lag. As injection pressure increases, the 
cycle approaches combustion at constant volume. 



65a. 




SAO. 




V. -rpi2=400 atm;4 noeales of 

O.SOmm dia. 

VI. -pi2==400 atm;4 nossles of 

0.20mm dia.^ 



Figure 16c. -V, injection pressure at lifting of needle :pii= 120 atm., 
10.80 hp; advance: 10°, angle of explosion crater 76°, peak presstire of 
cycle 65 atm;peak pressure of cycle rises with the charge. 

Figure 16c. -VI, injection pressure at lifting of needle tpi^^ = 240 atm; 
10.64 hp; advance: 10°, angle of explosion crater 76°, peak pressure of 
cycle 64 atm; compared with the one above, it is seen that the choice 
of pi]^ has not changed the cycle. 
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Figs.ied.e 




szoL Illf.-pig =310 atm; 6 noszles of 
O.SOmm dia. 
Id. -pig =610 atm; 6 nozzles of 
O.SOnan dia. . 



-56 a 



Figure 16d,-IIIf, 13.36 hp, advance: 5°, angle of explosion crater: 72°, 
peak presBure of cycle: 52 atm. 

Figure 16d.<~ Id, 13.76 hp, advance: l°,atngle of explosion crater: 82°, 

peak press-are of cycle: 56 atm, the explosion crater 
is more active as pi^ increases. Xhe engine runs smoother at low in- 
jection pre 8 sure, hut the efficiency is inferior. 



54a 



■39 a Hit. -pig = 310 atmjadvance: 10°; 

4 nozzles of O.SOmm dia. 
IIId.-pig=310 atm; 6 nozzles of 
0.25mm dia. 



Figure 16e.- Illh, injection period: 0.00308 s; 11.36 hp, advance: 10°; 

angle of explosion crater; 57°, peak pressoire of cycle; 39 atm. 

Figure 16e.- Hid, injection period;0. 00131 s; 11.76 hp, advance: 5°; 

angle of explosion crater; 74°, peak pressure of cycle: 
54 atm, for an identical injection pressure and engine charge the 
engine runs more active if the injection period diminishes and the 
efficiency is improved. 
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" Ooht'rarlwiseV if the pressure is too high, the. tips 
of the spray reach th-e hot walls of the piston and produce 
overheated' spots , or reach the 6old walls of the cylinder - 
in which case they do not "burn hut dilute the .lu"bri eating 
oil and form carhon on the top piston rings.. 

Figure 15 illustrates, for four experimental devices, 
the respective position of the. sprays in the comhustion 
chamher of the ' Winterthur engine at the moment of ignition. 
The distance het we en the nozzles and the "bottom of the 
piston at dead center is about 50 mm : . 

No. IV - p, = 112 atm, S7 = 4 nozzles of 0.20 mm 
diameter, t = 0,00406 .sec. 

Curve IV shows the distribution and the pressure of 
the fuel to he too low,- and the duration of. injection too 
long to enable the sprays to cover a distance of 50 mm 
during the ignition, lag. Only a small, portion of the 
charge is inducted during this lag. The fuel affects only 
a small portion: of'...the compression .air and its atonizatiojx 
in coarse particles: does not enhance, the power nor the spe- 
cific consumption. 

No. I-=a.- - p. = $^10 atm, S7 = 4 nozzles of 0.20 mm 
diameter, t = 0.00215 sec. 

Here the .fuel, di stribu.t ed by the four nozzles is like- 
wise' insufficient. Although 'the pressure of 610 atm as- 
sures adequate, penetration and dispersion, the duration of 
injection does not permit induction of the total charge 
during the ignition lag. The torque-stand measurements 
are improved. 

No. I-e - pj^^ = 510 atm, S7 = 10 nozzles of 0.20 mm 
diameter, t = 0.00086 sec. 

The charge is distributed by a large number of noz- 
zles and, in -spite of adequate pressure and a duration of 
injection shorter than the ignition lag, the fuel lacks 
penetration and fails to fill the working chamber. The 
engine runs hard, there are violent explosions, with power 
output and fuel consumption very mediocre. 

No. I-d - Pi = 610. atm, =6 nozzles of 0.25 mm 

diameter, t = 0.00092, sec. 
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0?he conditions necessary for smooth operation are 
satisfied.. Distribution, penetration, dispersion, and 
duration of injection permit the fuel to mix well with the 
compression air "before ignition takes place. The specific 
fuel consumptions are very low and the rated 8-horsepower 
output is almost douhled. 

At 12 horsepower, the engine has a 34^percent effec- 
tive-efficiency, the thermic efficiency of the cycle being 
around 45 percent. These results are remarkahle, consid- 
ering that it involves a two-stroke-cycle, single- cylinder 
with I'l-liter displacement. 



Injection Advance and Comhustion Cycle 

As everybody knows, the increase in injection advance 
produces a cycle which more and more approaches the cycle 
with constant volume, and the peak of the maximum pressure 
is a function of the degree of advance. . 

The diaa;rams recorded by Lehmann and Michels indicator 
for each measurement of these comparative tests, clearly 
show : 

1. That the pressure of the cycle rises with the en- 

gine charge. 

2. That the craters of explosions are so much more 

active as the injection pressure is intense. 

3. That the pressure of the cycle likewise increases 

with the speed of injection. 

The e.djustment of the ignition point is assured in 
such a manner that the peak pressure of the cycle never 
exceeds 60 atmospheres. 

Pi!?ures 16 a, b, c, d, e, illustrate some of the most 
typical records. The oscillations of the expansion curve 
are due, of course, to the indicator inertia. 

On these diagrams, displaced by 90° on the engine 
crankshaft, 3 mm abscissas, in direct proximity of T.C., 
represent 7° 30', crankshaft, or 0.0015 second, making the 
ignition lag of the Winterthur engine, represented by 
about 4 mm, 10°, or 0.002 second. 



KACA Technical Meffic^rdnaum' No . 993 



49 



These experiment s show 'that Hhe in-jection lag should "be 
regulated in relation to the" ei^lne charge, so that the peak 
pressure of the cycle has no sulistantial rise with the 
charge . 

Idling excepted, for which the specific consumption 
is inproved "by an advance of several degrees j the injec- 
tion should be placed per ho r sepower " on top center, so 
that the corahustion in its entirety takes place during the 
expansion stroke of the piston. For pump injectors con- 
trolled "by the compression, the injection-lag limit is, of 
course, the top center itself. 

Under these conditions of timing, and provided the in- 
jection pressure is not very high, the pea.k of the cycle 
rises slowly with the charge, the engine revolves without 
any roughness, and the diagrams widen out with the charge, 
similar to those of a steam cylinder when the intake valve 
i £3 opened wider. When supercharged, the pressure peak 
rises, but the engine has no tendency to knock, and sus- 
tains this regime without weakness or fatigue. 

These experiments show that rapid injection, divided 
over two or three degrees either side of top center, 
characterized by a delayed combustion taking place in its 
entirety during the expansion stroke of the piston, corre- 
spond to the best operating conditions of the ongine, from 
the point of view of power developed as of specific fuel 
consumption . 

This practical result may seem paradoxical in compar- 
ison with the entropy cards and the heat balance of a nor- 
ma.l combustion cycle, without lowering of the compression 
A.T.C. (diagrams Nos. IV, Y, and VI ) and of a delayed com- 
bustion cycle (diagram Nos. I-f , III-b,d,f, for instance). 
The reason, it seems, must be looked for in the difficul- 
ties of obtaining a complete combustion in a Diesel burn- 
ing heavy hydrocarbons rather than in thermodynamic laws, 
which prove the opposite. 

In fact, the exhaust-gas analysis of a direct injec- 
tion Diosel with pronounced pressure peak in combustion 
proves, if the charge becomes heavy, that the combustion 
is far from being complete. The smoke, and disagreeable 
odor of the exhaust bear witness to- this fact. For com- 
plete combustion, the rate of chemical reaction, must be 
sufficient to be terminated before the exhaust opens. The 
greater the speed of reaction, the more complete the com- 
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ljustion, the "better is the power output and the specific 
consumption. The chemical reaction of the comhustion 
analyzed by calorimeter, does not correspond to the same 
reaction in the chamber of an engine whose volume is con- 
tinuously changing. 

But, if based on the fundamental laws of chemical re- 
actions which define the variations of the constant of 
equilibrium, the conditions necessary to accelerate the 
speed of reaction of a combustion:, in the calorimeter with 
variable volume, which represents the working chamber of 
an engine, can be easily deduced. 

This speed of reaction depends on three principal 
factors, as follows: the concentration of the mixture, 
the variation of the pressure, and the variation of the 
t emperature . 

Qualitatively, Le Ohatolier's principle shows that: 

"Any change in one of the factors of the eq.uilibrium 
results in a transformation of the system in such a way 
that the factor undergoes an inverse change." 

Therefore ; 

1. If the concentration of one of the reaction gases 
is increased, the impulse is given to a reaction associat- 
ed with the disappearance of this gas. If the concentra- 
tion is reduced, the reaction gives rise to the release of 
this gas. 

2. If the pressure is raised, the impulse given to 
the reaction is tied to a reduction in the number of mole- 
cules. If the pressure is lowered, the impulse is given 
to an increase in the number of molecules. 

Lastly, if the temperature of a chemical reaction is 
raised, an impulse is given to an endothermic reaction 
and, if lowered, to an exothsraic reaction. The speed of 
reaction toward the new equilibrium increases as the change 
effected in one of these factors is greater. 

Now, the combustion of any heavjr hydrocarbon jjSn+s 

which can be burned in a Diesel engine is always accompanied 
by an increase in the number of molecules, hence accelerated 
by acting on the three factors of equilibrium - concentra- 
tion, pressure, and tomporaturo - in such a way that the re- 
action receives an energetic impulse in the same sense, 
namely. 
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■ ' ■ 1", ■ Inctea's'e In concentration Sy an instantaneous 
• ■ solid injection (ivirin^ the ignition lag • 
■ p'eribd') . • ■ 

2',''' D'eoreas'e 'in pressure "by an in-jection at top cen- 
- ter,' and a :^reat linear- 'piston speed which 
permits a rapi d increase'' of ^ the volume in- the 
comhttstion Ghamljer. ' •■ 

3. Decrease in- temperaturb 'by evaporation' of the 

solid injection, a good cooling of the engine, 
-■ •■ and-: a rapid expansion. • 

With these three conditions satisfied, a- complete 
comhustion can he ohtained within the shortest time, as- 
ampl'y confirmed Tiy- torque- stand test. 

The i-nstantaneous induction of the total, fuel charge 
in' the' working' chamher, which corresponds to the increase 
in concentration of gas mixture, is generally disclosed as 
"being the principal factor acting on the speed of reac- 
tion. This ' cbhdition is, moreover, tied to' two others by 
the indu-ction of fuel in direct proximity of top center, 
so that the reaction commences and continues d-uring the 
expansion stroke of the engine. Thus, the volume and the 
cooling surface of the cham'ber increase constantly during 
comhuatlon, 

Oom'bustion Ohamher and Tur"bulence 

Prom this analysis of the injection and the ensuing 
c6ni"bustion, it is logical to deduce the shape and size' 
"best suitei' for the comhustion cham'ber. 

In-^hrief, we'have tested and verified that -it is nec- 
essary to carefully hlend the fuel with the compression 
air "before ignition, after dead center. The complete 
charge' should he inducted and distrihuted in a chamljer 
containing the entire oom'bustion air within the ignition- 
lag period, and this air animated hy a strong turhul once 
in order to activate its' mixture with the fuel. Thus, it 
seems to us that only direct injection makes it possi'ble 
to realize the conditions necessary to ohtain the heat ef- 
ficiency of a Diesel engine. In fact", direct injection 
makes it possible to give the combustion chamber a compact 
shape wherein the whole cylinder charge is collected - the 
volume of this chamber presenting the surface of minimum 
exchange of heat, ' 
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, The other systems with a precomhustion or g,n auxiliary 
chamtier involve a consi derably lart^er wall surface in the 
working chamljer - so much, that some engines cannot start 
from cold without resortins; to a primer. Durini^ operation, 
the walls of the auxiliary chamljers Tsecome very hot and the 
tur'bulence is enormous, so that these systems have offered, 
up to now, the advantage over direct injection of atomiza- 
tion at low pressure (lOO to 120 atm) by an injector, whose 
operation is less ticklish than that of injectors with sev- 
eral orifices of very small diameter. 

By way of compensation such, auxiliary chambers are, 
in general, lodged in the cylinder head, and their thermic 

effect on the intake air lowers substantially the volumet- 
ric efficiency of the cylinder charge - and so much more 
as the charge and the speed of the engine are greater. 
lor these two reasons - greater area of exchange of heat 
and lower volumetric efficiency - the injection systems 
with auxiliary chamber cannot give to the engine its best 
efficiency. 

Figure 17 illustrates one method of obtaining a com- 
bustion chamber with direct injection, corresponding to 
the conditions defined previously. 

The compressed air is collected in a stainless steel 
dome 1, situated in a hemispherical recess of piston 2. 
This dome holds practically all the combustion air. It is 
soparatod from the piston mass by a thermic insulation 3, 
and is free to expand without causing strains on piston 2, 
It opens into the engine chamber through a more or less 
large orifice 4, depending upon the degree of turbulence 
desired. This orifice is in alinement with injector 5, 
which distributes and atomizes the fuel. Ko projection of 
the fuel injected in the dome on the cylinder wall is pro- 
duced. 

The isolated dome forms a space for storing the heat 
during- combustion for the purpose of restoring it to the 
air during the compression cycle. This heat chamber is 
regulated by varying the mass and by the insulation of the 
dome . 

The engine chamber permits the smallest surface of 
exchange- of heat, hence the wall losses are lowered, the 
volumetric efficiency improved, and starting from cold is 
assured without the use of a primer. According to our ex- 
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perimerit s7 tHe condi t i ons ■ of the engine, .the. power 

output, and the fuel consumption are so -.much "better as the 
injection period is shorter and the injection pressure ,. 
higher; "but; as stated "before , these, conditions, unfortunate- 
ly corresjiond to a combustion cycle with , very active craters 
of explosion. 

The multiple action of the dome affords a g.reater free- 
dom in the choice of speeds and injection pressure, assur- 
ing smooth running under the conditions of good engine ef- 
ficiency. 

Indeed, the tur'buIencG and the high temperature in the 
dome shorten the ignition-lag p.eriod "but permit, at the same 
time, ignition to follow after ignition, without which the 
com"bustion of the charge would "be loss complete. An appro- 
priate control of the injection could very pro'ba'bly supply 
a progressive cycle of com"bustion, without craters of ex- 
plosions, giving the engine its "best efficiency with a very 
smooth run. 

To smoothen the run, the tur'bulence could "be reduced 
"by increasing the section ' of orifice 4 or drilling other 
holes - six, suitably distributed over the cover of the dome. 



Idling, Pick-up, and Injection Period, Independent 

of the Engine Speed 

In all the in j ector^pump tests, the- idling of the 
Winterthur engine was controlled at 200 rpm , while with 
the Bosch equipment, idling cannot drop below 350-400 rpm, 
and the pick-up is less vigorous. 



Chapter 4 • 

OPERATINa GOKDITIONS OF INJECTOR PUMPS ACTUATED 
BY ENGIITE COMPRESSION 
Elastic Balance of Pump Motion 



The abrupt pressure changes in the pump chamber and 
the percussion shocks at the end of the stroke, of the mov- 
ing part, impose two very, strict conditions for assembling 
this ■ equipment : 
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1. The pump cham'ber, the injector, and the moving part 
of the injector pump should have no joints, no threaded 
parts, if dislocation and unpriming of the pump is to he 
avoided; the exception is the atomizer, which can he car- 
ried on a shoulder of the pump, where it is maintained hy 
the pressure of the fuel. 

2, The motion of the pump should be elastically bal- 
anced at the end of the stroke, in order to avoid inoppor- 
tune opening of the needle as a result of the exchange of 
speeds after percussion. 

The elastic balance of the motion is assured by the 
damper B, which allots the pump a stroke of several 
hundredths of a millimeter at the end of the injection 
(fig. 2). If the stop of the motion is not elastic, par- 
ticles of compressed gas will succeed in penetrating 
through the injector line int.o the pump chamber where, if 
unpriming is not effected, it will form an emulsion with 
the fuel, causing at the nozzle outlet a sudden expansion 
of this gas, which causes the jets to burst into very fine 
particles which quickly lose their penetration, no matter 
what the injection pressure utilized. The evaporating sur- 
face of these fine droplets grows enormously, shortening , 
the ignition-lag period, and disclosing very violent cra- 
ters of explosions, on the indicator cards. 

On the contrary,, if the motion of the pump is elastic- 
ally balanced, the closing of the needle is perfect and no 
air particle enters the pump line. The jets do not burst 
at the nozzle outlets, retain their penetration much longer, 
and produce a less violent combustion without the charac- 
teristic explosive wave observed in the injection by me- 
chanically controlled pumps. Indeed, the sudden pressure 
fluctuations in the line connecting the pump to the injec- 
tor give rise to shock waves which, if the residuary 
pressure is high, determine by closing, the well-known 
secondary injections which often are accompanied by the 
penetration of compressed gas in the injector. 



Control of Feed and Injection Point 

These can be controlled jointly or separately (figs. 
1 and 2). . If the injection-point control is automatic, and 
it is desired to obtain a combustion cycle without appreci- 
able rise of peak pressure with the charge, the injection 
lag, as has been stated, should be a function of the injec- 
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tion feed'.- In this case, the t^rekds of. the feed stop 3 
and of stop 4 of spring A are in the converse sense, 
and the pitch chosen for these two threads .determine the 
amount of the retarded injection as function of the engine 
charge. a?he movement of- the lever, of stop . 3 engaged in a 
vertical cavity of feed stop • 4, suffices then to assure 
simultaneous control of the point and th© feed of injec- 
tion. This man euveir demands no effort on the part of the 
regulator . • 

In order to. he ahle to utilize the speed, and hence 

the limit pressure of the pump up to the closini? of the 
injection needle, it is necessary to regulate the lift of 
damper B over • a. very short distance., A few hundredths 
of a millimeter are enough to make the control of the 
atomizing nozzles of the needle. perfect . 



. , Pump Chara'ber 

The chamber of pump 9 "bejow the plunger 8, is con- 
densed in a few millimeters on the end of the here of the 
sleeve of pump 7 which penetrates the ^vorking cham'ber of 
the engine (fig. 3.). The' injection needle 11 with, posi- 
tive rise is in the a-xis of the pump where it occupies a 
perfectly symmetrical position in the sleeve 10 of the. 
injector. The inlet valve 12 obturates the pump chamr 
her upwardly. 

k'he pressure waves at closing of the inlet, enter in 
resonance between the bottom of the pixmp chamber and the 
base.- of th-e fixed, plunger. The speed of these waves is 
sonic in the medium where they are propagated. This spee-d, 
being of the ' or.der' of 1500 m/s in hydrocarbons, the frer 
q^uency of the waves in the pump chamber is 150,000 per 
second for a chamber 5 mm high, or 150 periods d'nring a , 
0,001-second inj ect i on ' peri o d . The resonance is so high 
as to no longer affect the lift or the closing of the 
needle. Control of intake and delivery of the pump are 
therefore definitely assured.- 

The tightness of the pump chamber and the perfect 
control of intake and delivery have, certainly, a capital 
effect on the injection period. The . so.lution of the de- 
vice with positive opening of needle offers much greater 
security than, the solutio>n with negative differential nee- 
dle, guided in the bore of the fixfed plunger and control- 
ling the nozzles drilled in the bottom of the pump chamber. 

The escape of fuel along plunger 8 is returned to 
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the hollow of inlet 13 "by a set -.of labyrinth grooves 15 
and snitatly disposed openin.?s 16, which eliminates the 
leakage return pipes. 

The displacement of the atomized sprays d'u.i'ins the 
stroke of the pump is not particularly favorahle because 
■it interferes with good penetration and necessitates proh- 
ahly higher injection pressures than if the nozzles main- 
tained a fixed position. As compensation, theahrupt stop 
of the mechanism at the end of injection avoids radically 
the formation of soot craters at the nozzle outlets. 



Exchange of Heat in the .Pump Ohamher 

If the section - Sg of the compression air in 

gas cylinder 2 is very small, the speed of entry of the 
hot gases below piston 14 is high and the exchange of 
heat with the pump chamber is then considerable; so much 
so, that pump sleeve 7 becomes blue following a ring at 
the height of section S^^ - Sg . 

To avoid this heating which, without impeding the op- 
eration, may appear excessive, it suffices to increase the 
diameter of the section of passage of the gases in tfhe cyl- 
inder a few tenths of a millimeter. This removes every 
trace of heat, which proves that the exchange of heat with 
the walls of a flow is a function of the speed of the 
fluid and that it operates by molecular contact; i.e., by 
conduction and not by radiation. 

The cooling of the walls of the pump and of the in- 
jector by the fuel is so active, that placement of the 
pump in the exact center of the firing chamber of the en- 
gine produces no danger but permits injection of the pre- 
viously heated fuel and use of heavy fuels without fear 
of clogging the nozzles. 



Piston and &as Cylinder 

In order to obtain a stable and lasting operation of 
the pump injectors, three conditions must be rigorously 
observed in the disposition of the pistonr.: 

1-, The piston and, consequently, the piston rings, 
must not be subjected to vibrations and the rings must form 
a perfect seal. 



■Pigure 18.- Piston ring before slotting. 



Figure 19.- Piston ring after slotting. 
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Figure 33,- Retarded combustion cycle. 

Decrease in peak pressure and 
increased displacement in relation to delay- 
in combustion. 
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Figure 20. -Before Figure 21.- After 

Figures 20,21.- Stress distribution and ring 



contact with bore, before and 

after grinding.' 




Figure 22.. Piston-cylinder Figure 23.- Deformation 
system fitted with elastic of rings following piston 
piston rings. knock 



Figure 24.- Cross-section of piston at 

level of tight rings. 
2, gas cylinder; 7,punip sleeve; 8, fixed 
plunger; 12, inlet valve; 14, gas piston; 
18, tight rings; 19, tightening spring. 
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2. : ■The piston ■ rings should wo'rk at a relatively low 
temperature - at most, at 150° 0, preferably .less. 

3, The cylinder "bore must "be lu'bricated. 

A piston ring of. small diameter, such as that of pump 
inj Qctors ,. -f or example-, of little height , machined from 
a cast-iron mass, is often deformed if the slot is made 
ohliquely to the ring. It then hecomes similar to a Grower 
washer; its permanent deformation no longer permits cor- 
rect straightening of the face with respect to the "bore. 

When the .small diameter ring is in s.e f-t.ed in the cyl- 
inder where: it is to work, it m.akes contact with the two 
tips of the .slot and on the opposite half circle. Two 
slits are visihlo at 30° and 45° in the other half circle. 
They become so jiuch more accentuated as the te.nsion of the 
ring is greater and are proportional to the difference in 
diameter D of the expanded ring and diameter D' of the 
cylinder, and to the inertia of, the straight section of the 
piston ring.. 

It is therefore- evident that the tension of the elas- 
tic ring on the hore of the cylinder is not. evenly dis- 
tributed over the circumference . The grinding of the ring - 
much faster at points of high tension, cause's the two 
slits to disappear, little by little, but never produces a 
uniform tension over the circumference. Its tightness is 
not uniform, and so produces uneven wear on the bore of . 
the cylinder. 

A certain' expansion clearance e is . pr.ovi-ded between 
piston and cylinder.- The piston rings, of themselves elasr 
tic, exert no centering action on the piston, with the re- 
sult that if the latter vibrates in consequence of active 
explosions in the combustion chamber, for instance, this 
vibration is transmitted to the piston rings. 

The vibration of the piston rings and their deforma- 
tion on the bore D' of the cylinder, is so much greater, 
as the expansion clearance e and the height, h of the . 
rings is greater and the play of the rings in the piston 
grooves is less. This vibration induces a leakage of hot 
gas along the piston, and the temperature of the piston 
rings may rise to the point where it corresponds to the 
distillation of the oil, resulting in the well-known gum- 
ming in the grooves and coking. 
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These disadvantages are more serious in the Diesel 
than in the internal-comhusti on engine. The much higher' 
mean temperature of the cycle and the residues of incom- 
plete combustion of gas or fuel oil employed form at the 
sides of the piston rings, \irhere they do not perfectly fit 
the "bore, spots of carhpn on the cylinder and the piston 
ring also. The coefficient of slippage of the rings iii 
the hore increases enormously at the side of the spots; 
the mechanical efficiency and the engine output gradually 
drop In surprising proportions. 

^ • ■ • . - 

If the piston rings vrork at high temperature, the car- 
TDon deposits become very a-dhosivo and hard, resulting in 
rapid cylinder wear. In pump injectors, controlled by- 
compression, the carbon deposits on thd gas cy;lindor and 
■piston rings slow up the rate of injection, and thus ■ change 
the running conditions of the engine. 

To prevent piston-ring vibrations consequent to the 
percussions of the moving part at the end of the stroke, ' 
piston 14 is extended upward by elastic slippers 17, •■ cut 
in .a skirt (fig. 3), The end of the slippers is machined 
with a slight tension on the cylinder bore so' that the pis- 
ton, elastically centered, is free to expand but can 'no 
longer vibrate. 

To assure perfect tightness, the elastic rings are re- 
placed by split rings 18, whose outside diameter is ma- 
chined at the cylinder side, v/ithout elastic tightening. 
Tension of the rings on the bore is assured by a sot of 
springs 19, supported on the piston itself. The points 
of thrust of springs 19 on the rings and on the piston 
are numerous enough to assure evenly distributed tension 
and perfect centering of the piston. 

To forestall deformation of rings 18' during mounting, 

they are carried on a shoulder of the piston and retained 
by a screw 20, forming a labyrinth (fig, 3). Three rings 
18 with alternating slots are superposed in the same pis- 
ton groove; the last toward the top is double, in order to 
nullify the slot leakage. 

The heat flow of the gas on piston 14 is doflceted 
through a largo opening in the bottom of the pi ston. toward 
the fuel prepared for by the inlet cavity 8 in pump cham- 
ber 9, and injector 10. The gas cylinder 2 is fitted 
with CO oling fins immersed in the water chamber of the cyl- 
inder head. 
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Hhe piston T±nei s- -18 sltuated 'in the^ of fhe open- 

ing of piston 14,- are- protectQd "by the lalDyrinth screw 20, 
and so operate at low temperature. An oil space .21 is 
sit.Tiated -"between the cylinder and the piston atove the 
■ double .oil rin§. 

The cavity within the slippers 17 "being filled with 
oil at the tlm.e of mounting, it suhsequently suffices to 
squirt a few drops of oil through a hole in has'e 1, into the 
cylinder every IQ- or ,20 hours of 'runnini?.' This can .he elim- 
inated. with a .hole in the pump sl-eeve 7 . .ahovo the laby- 
rinth 15 of. the leakage return. Capillarity then causes 
a slight oozing of the ^as oil which sinks on the piston, 
and affords a ponvenient mothod of:- luhri catin<? the wall of 
the gas cylinder. Such arran.^emont meets the conditions 
stated ahove- and permits re;?ular operation of the pump 
injectors. 

The obturation of section' of the entrance of the 

>5ases in the cylinder is achieved in such a way that the 
specific pressure of the" ohturatloh cone of the piston on 
the surface of the piston is sufficient for a per- 

fect seal; that is to say, a strict control of the injec- 
tion point "by return spring A. The surface remains glossy 
and free of carbon under any condition and duration of op- 
eration. One of the surfaces of Sj_ is of pure copper. 
Thus the percussion at the return to its seat of plastic 
material nullifies the vibration that would be inevitable 
if the pieces were of hard steel. 



Endurance Test - 

A 50-hour endurance t.est at 800 rpm with the Winter- 
thur engine in the Air Ministry laboratory has shown that 
the power and consumption curves recorded at the start and 
at the end of the 50-hour test wore the same - at least, 
to^ within about 2 percent. The pump injector used for 
this test was similar to design I-b: plunger, 5 mm diameter. 
Pis = 610 atm, j>^^ = 300 atm, four nozzles of 0,20 mm 

diameter. 

OylinderrPiston Assembly of Puel-Injection Engines 

The three conditions necessary for the satisfactory 
opera-fcion of a piston of a pump injector must logically be 
verified for all the cylinder-pump systems of thermic en- 
gines. 
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Figure 17 exemplifies one version of these three con- 
ditions in a piston fitted with a comhustion chamher with 
a dome. The solid hottom of piston 2 is douhly spherical 
or paraholoidal , thus securing a .circular opening 7, 
which constitutes a thermic flywheel for equal distribu- 
tion of the heat of the piston over a very lari^e surface 
of cylinder jacket 8, cooled in the wate.r chamher 9. 
The isreatest diameter of engine pistons permits here the 
use of elastic piston rings without fear of deformations. 
Two, and oven three, rings of small height h are fitted 
in each -groove. The first is protected against hi^h tem- 
perature hy screw 10, which fixes dome 1 on the piston. 

' ■ 'The knock vihrations are prevented "by the slippers 11 
fashioned in the piston skirt and machined with a little 
tightening on the "bore. The slots of the elastic slippers 
11 terminate at holes 12, drilled laterally ahove the 
axis of the piston, so that the wrong effect of the piston 
cannot induce rockini? of the piston. 

Bcin^ thus elastically centered in the hore, the cra- 
ters of explosions of the combustion cycle cause no -knock- 
ing; tho piston rings, protected from high temperatures, 
operate properly without risk of gumming, and fho mechan- 
ical efficiency of tho engine is not changed under pro- 
longed operation. 



PART II 
Chapter 5 

ISrjEOTIOH IN ENGHNES WITH TURBULENCE CHAMBER 

The Lister Engine 

Tost Stand . ] 



In turbulence engines, the' very hi'^h speed of the air 
in the combustion chamber makes it possible to reduce the 
penetra'tion and the dispersion of the spray. The air 
swirl assures tho mixing and distribution of the- fuel 
charge in the chamber; so the designers of these engines 
utilize low-injection pressures and singlb nozzles with 
much easier and surer operation than is obtainable with 
several- fine nozzles and high pressure. 
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Fig. 25 



Figure 35,- Tuscher pump-injector unit mounted on Lister 
engine with double tiirtmlenoe criambere. A, principal 
B, secondary turbulence chamber, 1 closing valve of B, 
8 hole for Lehmann indicator, 3 hole for Zeiss indicator, 
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Under these circumstances it may logically "be supposed 
that the period and pressure of injection have not the same 
effect on the comhustion in engines with or without turbu- 
lence. Our ©"bject was to check this. 

For this study, a Lister engine had "been gratuitously 
placed at our disposal "by Lister and Co., Ltd (England); 
of the four-stroke type, it develops 5 hp at 600 rpm, and 
6 hp when supercharged; "bore 95.3 mm, stroke 139,7 mm, dis- 
placement exactly 1 liter. 

Figure 25 shows the piston at dead center, the turhu- 
lence chamber, and one version of the injectors used in 

these tests. 

The cylinder head, designed by Eicardo, carries a tur- 
bulence chamber in two spherical parts A and B, intercon- 
nected by an orifice controlled by a valve 1. 0?he first 
sphere A has a volume of 55 cms, the other, B, of 17 
om^. This arrangement assures easy starting by closing at 
the start, the small chamber B by valve 1; the compres- 
sion ratio p is then 19. When the engine is charged, 
valve 1 is opened, which lowers the compression ratio to 
15. For recording the diagrams , valve 1 has a hole 2, 
communicating with the indicator. Another hole 3 (6 mm 
in diameter, 4 mm long) in the axis of chamber A opens 
into a chamber in the cylinder heai which houses the pi- 
ezomotric quartz capsule of a Zeiss-Ikon indicator. 

The engine test stand, as for the Winterthur engine, 
included a direct-current dynamometer fitted with a 716 mm 
arm and the identical test instruments. But the exciting 
current of the dynamo is supplied by the engine itself. 
At constant speed this current does not change with the en- 
gine charge. For the 600-700 rpm speed range, the calibra- 
tion of this exciting current gives the following values: 



SiDeed 
of 

rotation 

. rpm 


Amperes 
A 


Voltage 
V 


Power 


Tare of 
balance vfithout 
excitation 

kg 


W 


hp 


kg/ couple 


700 


9 


185 


1,665 


2 .26 


3, 230 


2, 000 


650 


8,1 


168 


1 . 350 


1.85 


2, 840 


2, 000 


600 


7 


152 


3 ,»064 


1.445 


2 , 400 


2, 300 
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The empty 


dynamo "being 


eACit ea : 








Actual 


Tare 


Power 




Speed 


tare 


indi cated 


utilized 


in 




at "balance 


excitation 


rpm 


kg 


kg 


kg/ couple 


1 


700 


5 , 230 


4, 000 


1, 230 


0.861 


650 


4, 840 


3,750 


lt090 


.709 


600 


4f 400 


3,500 


900 


.540 



A correction of 1.230 kg at 700 rpm or of 0.900 kg at 
600 rpm was added' to the tare measurements recorded at the 
"balance . 



Feed Systems 

By way of comparison with standard Bosch eq,uipment on 
the Lister engine, two pump injectors were studied: one 
fitted with a 6 mm , the other with a 5 mm diameter plunger. 
They are similar to those used in the Winterthur engine 
tests. The gas-cylindor "boro is 20 mm instead of 24 mn. 
The feed control is assured "by a rack 4, carried in the 
attachment clamp 5. This rack enf^a^^es a pinion 6, 
screwed on frane 7. The shock alDcsorher B, consisting 
of a stack of aynthot i c- rub^bor disks in a slide 8, is 
maintained in piece 6 "by a plug 9, which permits reg- 
ulation of the force of shock absor"bor B. 

The point where injection starts is douTjly regulated 
"by screw 10, screwed on the feed tu"be and "by eccentric 11 
which, hy medium of a stop 12, acts on the tare of return 
spring A. The opening S ij. of gas cylinder 13 into the 
engine chamlDer, is controlled "by pump sleeve 14, itself. 
A light alloy piston 15, conn:ects with 14, 

The lu'brication of here S3 of the gas cylinder, is 
automatically assured at each injection "by a leakage of 
compressed fuel in pump cham"ber 16 along S3 of plunger 
17 (fig, 27). Por this purpose, a hole 18 in sleeve 14 

at suitable distance from the pump cham"ber, communicates 
through groove 19 and other hoios 20 suitably distri"but- 
ed in piston 15, with the "bore of gas cylinder 13, 
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Piston 15 has a free space 21 of about 1,5 cin3 at 
the hottoD. of 13, which assures precise regulation of 
the point where ignition takes place. Indeed, a slight 
accidental leak in the closing cone Sj^ of the gas cylin- 
der has no effect on tho lift of tho piston and tho regu- 
lation of the point of injection is stahle up- to its linit, 
at dead center. 

Oonparative Tests of Injection Systems 

Bosch .- The Bosch punp, controlled "b^ the engine regu- 
lator, is regulated with an advance of 20 36* on dead cen- 
ter for the start of injection. Tho effoctivo angle of the 
can has an anplitudo of 35° 35' at naximun feed, or 20° 36' 
B.T.C. and 15^ A.T.C. 

Tho plunger has a dianoter of 7 nn. Tho injector with 
hydraulic control has one singlo noxzle 0.24 nn in dianoter 
and inclined 45 toward the snail turhulcnco chanhor B, 
Tho spring of tho needle of 6 X 3 nn dianctcr has a tare of 
25 kg, naking tho pressure p^ = 118 atn at start of in- 
jection, 1 

TABLE I. Standard Bosch Curve 



C3-as oil, density: 0.835 at 15° C 



Speed 
rpm 


Tare 
kg 


Horse- 
power 


Time 

100 cm^ 
s 


Con- 
sump- 
tion 
g/hp/h 


Advance 
deg 


Compres- 
si on 
ratio 
P 


Peak 
pres 
sure 
atm 


700 


4,100 


2.87 


8« 19" 


210 


20° 36' 


19 


50 


650 


5, 700 


3. 70 


6' 25"' 


210 


20° 36 ' 


15 


42 


540 


6,800 


4.35 


5 ' 35" 


201 


20° 36 ' 


15 


42 


630 


7,800 


4.92 


5 » 3" 


203 


20° 36 « 


15 


44 


520 


8,800 


5 .45 


4' 33" 


203 


20° 36' 


15 


46 


610 


9,200 


5.60 


4' 18" 


207 


20° 36 » 


15 


49 


610 


9,5 00 


5.80 


4 ' 4" 


212 


20° 36" 


15 


50 


600 


10,000 


6.00 


3 ' 42 " 


225 


20° 36 » 


15 


49 



At 6 hp, the volume of one injection, therefore, is 
90 mm , the displacement "being equal to 1 liter; the fuel/ 
air ratio is a/ c = 15. The useful stroke of the pump is 
2.33 m.m hy 36° crankshaft, the rack of the punp "being 
pushed hone "by the regulator. The period of maximum in- 
jection at 36° crankshaft at 600 rpn , is O.OlO second. 



Practical speed of plunger: 0.233 n/s = v. 
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Fig. 37 

(Fig. 28 
is with 
Fig. 6) 



Figure 27.- Enlarged 

scale view 
of pump chamber and gas 
cylinder. 

13 cylinder, 

14 pump sleeve, 15 light 
alloy piston, 16 pump 
clssmber, 17 fixed plunger, 
18 to 20 lubricating 
holes and grooves, 
21 free space below 
piston. 
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Injection pressure: \^2~s~~) ~ ^ig ~ 

Opening pressure: P4 = 118 atm is therefore 

^ well sustained 

Pump-Injector System, 6 mm" diameter plunger 

Dj. = 9 mm = 20 mm Dg = 6 mm 

Opening pressure of needle p^^^ = 175 atm 

Injection pressure Pj^^ = 285 atm 

Rate of injection, of nozzles.... v. = 191 m/ s 



Three designs were studied at p. = 285 atm under the 
following conditions: """^ 



No. 


Noiz zles 


Pi ston 
speed 

n/s 


Maxiraum 
stroke 

mm 


Period 

of 
maximum 
inj ection 
s 


numher 


diamet er 
mm 


Ila 


2 


0.25 


0,S75 


3 


0.0045 


Ilh 


4 


.25 


1.350 


3 


.00225 


lie 


7 


.25 


2 .350 


S 


.00127 



TABLE I la 





175 atn pa 


= 285 atn S : 

7 


= 2x0.25 




.675 m/s 








Time 


C on- 




0 ompre s- 


Ilazimum 


Speed 


Tare 


Horse- 




sump- 


Advance 


si on 


pressure 






power 


100 CEl3 


ti on 




ratio 




rpm 


kg 






e/hp/h 


deg 


P 


atm 


700 


4,000 


2.80 


8' 25" 


212 


2 


19 


45 


700 


5,500 


3.85 


6' 12" 


211 


2 


15 


35 


700 


6, 600 


4.62 


5« 15" 


205 


2 


15 


40 


700 


8,300 


5.81 


4' 24" 


195 


2 


15 


42 


700 


9,400 


6.58 


3' 45^' 


202 


2 


15 


42 



At 6.58 hp the feed of one injection is 76.5 mm . The 
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period of injection is 4 milliseconds, or 16° 48* crank- 
shaft. The fuel-air ratio is a/c = 18.5. 



TABLE III) 



T). = 175 atm = 285 atm = 4x0.25 v_ = 1.35 cm/s 









Time 


Con- 




Compres- 


Maximum 


Speed 


Tare 


Ho rse- 




sump- 


Ad- 


si on 


pre s- 






power 


100 ■ cm^ 


tion 


vance 


ratio 


sure 


rpm 


kg 


s 


g/hp/h 


deg 


P 


atm 


700 


4, 100 


2.87 


8' 20" 


209 


2 


19 


48 


700 


5, 600 


3.92 


6 ' - 3" 


211 


2 


15 


42 


700 


6 , 800 


4. 76 


5' 18" 


198 


2 


15 


45 


700 


8, 000 


5 . 60 


4' 34" 


195 


2 


15 


45 


700 


9,400 


6.58 


3' 55" 


19 3 


2 


15 


48 


700 


10,400 


7.28 


3' 27" 


198 


2 


15 


48 


700 


11,600 


8.12 


2« 42" 


228 


2 


15 


50 



At 8.12 hp, the injection is 104.5 mm^, the stroke 3.7 mm, 
and the injection period 0.00272 second, or 11° 30' crank- 
shaft. The fuel/air ratio is a/c = 13.7. 



TABLE lie 



Pj^ = 175 atm p^^ = 285 atm S7 = 7x0.25 Vi = 2.350 m/s 









Time 


Con- 


Ad- 


Compres- 


Maximum 


Spe ed 


Tare 


Horse- 




sump- 


vance 


sion 


pres- 






power 


100 cm3 


tion 




rat io 


sure 


rpm 


kg 






g/hp/h 


deg 


P 


atm 


700 


4,100 


2.87 


8» 20" 


209 


2 


19 


48 


700 


5,600 


3.92 


6 ' 7" 


209 


2 


15 


40 


700 


6,800 


4.75 


5 • 20" 


197 


2 


15 


44 


700 


e,200 


5.74 


4' 32" 


192 


2 


15 


48 


700 


9,600 


6. 72 


3' 56" 


189 


2 


15 


50 


700 


10,700 


7.49 


3 • 27" 


193 


2 


15 


52 


700 


12,000 


8.40 


2 ' 39" 


224 


2 


15 


49 



At 8,4 hp, the feed, at one injection is 107.5 mm^^ the 

pump stroke c = 3.8 mm, the injection period t^ 0,0016 
second, or 6° 42' crankshaft, the ratio a/ c = 13,2. 
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Pump Injector, 5 


mm" 


diameter plunger 




Dx = 8 mm .. .Dg = 


20 


mm 1)3 sr 5 


mm 










= 175 


atn 


Injection pressure . 






= 450 


a t in 


Rate of injection of 


no : 


szles: -T^g 


= 250 


m/ s 



Throe different injection periods irere studied "at this 450 
atm i njec tio n pr essure, as f ollows'; '_ 



Ho. 


Nozzles 


Pi ston 
speed 

m/ s 


.Maximum 
stroke 

nn 


Durati on 
sec 


"Sixmhet ' 


' Diameter 
nn 


Ilia 


1 


0.20 


0.40 


4.3 


0.0105 


IIIlj 


8 


.20 


5.20 


4.9 


.00153 


IIIc 


6 


.25 


3.80 


4.9 


.00130 



TABLE Ilia 



Pil = 


175 atn p. 


= 450 atn S7 : 


= 1x0.20 


V = 0 

P2 


.40 n/s 








Time 


Con- 




Compres- 


Maximum 


Speedl 


Tare 


Ho rse- 




sump- 


Advance 


si on 


pres- 






power 


100 cm^ 


tion 




ratio 


( sure 


rpm 


.kg 




s 


s/hp/h 


deg 


P 


atm 


700 


4, 500 


■ -3.15 


7« 36" 


209 


2 


19 


35 


700 


6,500 


4.55 


5 ' 42" 


192 


2 


15 


35 


700 


7, 800 


5.46 


5 ' 0" 


184 


2 


15 


38 


700 


9 ,000 


6.30 


4« 10" 


190 


. -2 


' 15 


40 


700 


10, ,-700 


7.49 


3 ' 22" 


198 • . 


•2 


• 15 


45 



At 7.5 hp, the injection is 85 mmS, the stroke 4.3 mm, the 

injection period 0.0107 ' second, or, 45° crankshaft, fuel/air 
ratio a/c = 16.7. .fitted with design Uo . Ill-a. t.he Lister 
engine operated remarkahly quieijiy. 
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•TABLE lllb 



= 175 atm p^^ = 450 atn = 8x0.20 v^^ = 3.20 n/s 









Time 


Con- 




Compres- 


Maximum 


Speed 


Tare 


Ho rse- 




sump- 


Advance 


sion 


pres- 




power 


100 oms 


tion 




ratio 


sure 


rpm 


kg 


s 


g/hp/h 


deg 


P 


atm 


700 


4,500 


3.15 


8 « 5" 


197 


2 


19 


35 


700 


5.600 


4.62 


5 » 40" 


191 


2 


15 


42 


700 


9 , 300 


6 .51 


4» 12" 


182 


2 


15 


45 


700 


10,500 


7.35 


3 ' 40" 


185 


2 


15 


46 


700 


11,900 


■8.33 


3» 9" 


190 


2 


15 


52 


700 


12,300 


8.61 


2» 56" 


198 


2 


15 


50 



At 8.61 hp, the injection is 97 mm^ , the effective pump 
lift 4,9 mm, the injection period t = 0.00153 second, or 
6° 24 «, fuel/air ratio a/c = 14.5/1. The running is 
harsh hut hecomes softer as the charge increases. 



TABLE I lie 



■p^ = 175 atm p^ = 450 atm = 6x0.25 Vp = 3.80 cm/s 









Time 


Con- 




Compre s- 


Maximum 


Speed 


Tare 


Horse- 




sump- 


Advance 


sion 


pre s- 






power 


100 cm3 


tion 




ratio 


sure 


■ rpm 


kg 


s 


g/hp/h 


deg 


P 


atm 


700 


4,300 


3.01 


8' 5" 


205 


2 


19 


38 


700 


6^200 


4.34 


5' 59" 


192 


2 


15 . 


40 


700 


7,600 


5.32 


5 « 8" 


183 


2 


15 


44 


700 


8,800 


6.16 


41 34i» 


178 


2 


15 


44 


700 


10 ,-300 


7.21 


3' 50" 


180 


2 


15 


48 


700 


11 ,000 


7.70 


3 ' 34" 


182 


2 


15 


49 


700 


11,700 


8.19 


3' 18" 


185 


2 


15 


54 


700 


1?,500 


8.75 


2« 56" 


195 


2 


15 


52 



At 8.75 hp, the feed is 97 mm^ , the stroke- . c = 4,9 mm, 
the sprajr period t = 0.00128 second, or 5° 22', fuel/air 
ratio a/c = 14,5. 



Examination of these results show plainly that in an 
engine with turhulence chamher: 

1. The power developed hy the engine varies converse- 
ly to the duration of i.njection. 
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2, The specific fuel consumption varies inversely to 
the pressure of injection. 

These two laws, hrou^ht in evidence hy the Winterthur 
engine tests, are in consequence, general, and apply equal- 
ly to engines with turhulence chamhers and those with di- 
rect injection. 

Ooncontration - Air-Fuel Eatio 

The fuels used in Diesel engines are largely composed 
of 85 kg of carhon and 14 kg of hydrogen per 100 kg of 
hydrocarhon. The remaining 1 percent consists of water, 
sulphur, impurities, etc., and mas'" ^6 disregarded.. 

The products of complete com^bustioit of the hydrocar- 
"bon are carbonic acid and water vapor. The molecular 
weight of carbon and hydrogen "being respectively, 12 and 
2, the oxygen necessary for complete combustion of 100 kg 
of fuel in kilogram/molecule is: 

||(00^) + I x-ii(H^O) = 7.1(00^) + 3.5(H^0) = 10.6 molecule of Os 

The air necessary for this is: 

~~~21~~~ =50.5 molecules of air 

Under standard conditions, of 760 mm Hg and 15*^ 0, 
the volume of a molecule of gas is given by the equation 
of state ; pV = RT ; 

10000 

The air needed for complete combustion of a kilogram of fuel 
is 

V = 5 0^_^24^J = 12.3 nVkg of fuel 
100 ' 

in weight ; 

G = 12,3 X 1.19 = 14.5 kg of fuel/air 



For this ratio of 14.5 the mixture is saturated, hence 
the concentration of 100 percent. 
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Pump- InJooHon unit 



I 
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nozxies '"' ' 



unf-/- 



nozxies Injec^iog period 



Figs. 89,30 



tt- r. t.o,»«s»n , 




Figure 29.- Comparative power and consumption curves. 

Plunger diameter 5 mm 



Sihp-h 



^pump 'injection 
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n r ^ mm 
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injection odvonce 
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Figure 30.- Comparative power said consumption cixrves. 

Numbers I, lie and IIIc 
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For the naximun powor devolopcd hy the Lister engine 
fitted with the different designs, it was found that: 



Design- 


■■'■•'I' 


Ila 


-^-^-^l 

lit 


lie 


Ilia 


Illh 


IIIc 


a/ c ratio 


l is ■ 


18.5 


13.7 


13.2 


16.7 


14.5 


14.5 


Excess air 


+ .11 


. +.28 


-.055 


r ^.09.5 


. 15 


0 


0 


Ooncentratioft 
percent 


' '90 ' 


78.5 


106 


110 


,87 


100 


100 


Horsepower 


6 


6.58 


8.12 


.8.. .40 


7.49 


8.61 


8.75 


Specifics con.- 
suint)tion, 
^/hp/h 


225 


202 


228 ■ 


224 


198 


198 


195 


Effective effi- 
ci ency . 


28.2 


31.4 


27.9 


28.4 . 


3,1,6 


32.2 


32.6 



•Pi-bm this tahle it is readily apparent that h'y short- 
ening the injection period, the air-fuel ratio can be re- 
duced, to the li_m,it of -.saturation, 14.5' kg of ,a.ir per kilo- 
gram of gas oil, with an attendant impro'Vemont in. effec- 
tive efficiency of the engine. ; • '. 



It is quite evident that for the two points Ilh and 
lie, where the concentration exceeds 100' percent , the pump 
feed was excessive; in this case, the excess of fuel can- 
not "burn and produces smoke at the exhaust. The specific 
fuel consumption for these two points. are, for the rest, 
30 g higher than for Illb and IIIc, although for the lower 
horsepower, the difference amounts to no more than 10 to 
20 g/hp/h. 

With a 100-percent concentration, and a 75-percent 
"boost charge, the Lister engine manifests no smoke in the 
exhaust when fitted with designs Illh or IIIc, and the com- 
bustion takes place entirely during the expansion stroke of 
the piston. 
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Chapter 6 
DELAYED COMBUSTION CYCLE 
Rapidity and Efficionoy of OomlDUstion Cycle 

Unquestiona"bly , an incroase in compression ratio, in 
the speed and pressure of injection, tends to increase 
the quickness of comhusti on . Ihe cycle approaches that 

for constant volume, where — ~ = ». Under these conditions 

dt 

of optimum thermal efficiency, the fatigue of engine parts, 

such as pistons, connecting rods, Tscarings, etc,, is no 
longer coiapatihle with mechanical strength and thoir satis- 
factory preservation. 

But experience has proved it to he possihle to utilize 
high compression ratios, high speeds, and pressures of in- 
jection without promoting greater fatigue in engine com- 
ponents, provided that a delayed combustion cycle is formu- 
lated. 

As evident proof,- we show figure 31. These diagrams 
were recorded at 700' rpin. oh the Lister engine at exactly 
3 horsepower. They- afford a' ready ' means for computing or 
reading the data appended in the following two tables. 

?or the first diagram, the' engine is' fitted with a 
pump-injector sys'tem of D3 = 5 mm diameter, five atomiz- 
ing nozzles of 0,25- mm diameter , and injection point set 
at 15° advan-cia-. The second diagram -is based on the same 
equipment, except that the injection advance is reduced 
to 2°. For the- third, the normal Bosch equipment is used, 
injection starting at 20° B.T.C. 





1 


2 


3 


System 


Tuscher 


Tuscher 


Bo sch 


Injection advance, deg 


15 


2 


ao 


Injection pressure, atm 


450 


450 


285 


Compression ratio, p 


19 


19 


19 


Nozzles, n X D 


5x0.25 


5x0.25 


1X0.24 


Injection period, s 


0.00057 


0.00057 


0.00345 


Injection period, deg 


2° 24 ' 


2° 24' 


14° 25' 


rpm 


700 


700 


700 


hor sopowor 


3 


3 


3 


Specific consumption, g/hp/h 


212 


200 


210 


Effective efficiency, percent 


30 


31.7 


30.3 



II I II I 



Tuscher 
I' , 
PM 



Injection system 
-Tuscher 

- 8 
PM ■ 



Bosch 
■ 3 
PM 



For figure 31 
Sector a-b is the ignition lag, sector b-c 
the period- of combust i'oh with increase in 
pressure. ' - . ; 




' Injection 
Advance. . 
" Pressu,?6. 
- Period. < r 
II _ 

Combustion 
Max pressure. . 
Period * 

ti 

Speed 

- ti 



,^tm 
. 8 

atm 
s 

dp/dt 
dp/dcp 



15° 
450 

0.00057 
2°34' 

70 

0.00373 
.11°30' . 
13.5 
3.95 - 



3° 
450 

0.000057 
.2°34'- - 



43 
0.00313 
9"^ 



30 degrees 
285 . kg/cm^ 

0jj00345 seconds 
. 14 35' - degrees- 



4, 

1. 



7 

11 



58 

0.00274 
11°30' 
9.1 ■ 
2.2- 



Figure 31.— Advanced and retarded combustion cycles* 
Lister engine at 3 hp, 700 rpm. 



kg/cffl^ 
seconds 

degrees 
kg/ms 
kg/deg- 



Figure 33.— Retarded combustion 
cyo le - pressure-vo 1- 

ume card. ... 

For -figure 31. 
Vsdisplacement , . V = looo cm^ 
Vo«volurae of combustioa- chamber: 

Vo=54om='(p=19) 
a=8tarting point of injection 
^= . " » « combustion 

c=point of maximum- preeeure of 
cycle. 



With the minus; sign (-) indicating B,T,C., and the plus sign (+) denoting A*T«C^,. figure 31 
affords: 



Ho.. 


1 


2 


3 




Lag 
a-b 


eombustion 
b.-c 


a-b 


Comoustion 
d-c 


Lag 
a-b 


Combustion 
b-c 


Angles, ° ±.I..C.. 


-15 to -5 


0 

.-5 .tv.0 +6° 30 » 


-2° to +10° 


+10 to +19 


-20° to -4° 


4 to +7° 30' 


Duration, Af>S 


10** 


11° 30' 


12° 


9° 


.16° 


11° 30 « 


Duration, sec- 


0.000237 


0,00274 


0.00285 


0.00213 


0.00382 


0.. 00274 


Variation. Vq cia^ 


-30.27 


+ 6.43 


+15.2 


+39.3 


-57.87 


+8.56 


~ V. in ^ v. 


-58^ 


+12^ 


+28^ 


+73^ 


-109^ 


+15.856 


Variation pressure 


+10 atm 


434 atm 


-5 atm 


+10 atm 


+ 16 


+25 atm 


Rapidity of combus- 
tion, dp/dt in kg/ms 




12.5 




• 4.7 




9.1 


Rapidity of combus- 
tion,, dp/dcp in kg/deg 




2.95 




1.11 




2J3 


Peak pressure 




70 atm 




43 atm 




58 atm 



It is readily apparent that cycle Ho* 2, with retarded comQustion,. secures not only the best 
engine efficiency, but also promotes all the conditions of good preservation of the component parts,, 
while rapidity of combustion and peak pressure of the cycle are reduced to a minimum. 
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Peak Pressure of Retarded Cycle 

Assume a combustion at constant volume sit dead cen- 
ter. Tor a specified concentration, air-fuel = a,' this 
comljugtion defines a maximum' pressure Pq » which may not 

he exceeded* Since 4r = *». heat loss hy the walls 

dt 

during comhustion is zero. 

At the point of maximum pressure Pq Vq the expan- 
sion of the "burned gases follows the adiahatic law: 



P 



0 "0 



' = constant 



Suppose now the comhustion at constant -T-olume takes place 
after dead center for a crankshaft position qj . In this 
instance the volume Vg, of the comhustion chanher is 

V(p = Vo + (1 - cos cp) V 

where and 7 denote the volume of the compression 

chamber and of. the displacement, respectively.' 

The pressure pg^ of comhustion at constant volume in 
point 9 of the . pi sTon , cannot be other than that obtained 
by an expansion of Pq to pqj on the adi«batio p^ Vq = 

constant. Hence, the relation: 



Pq ■'"o'^ = Pep j^"'''o + (1 - cos cp) vj = constant 



whence 



■<P " ^o [v^ + 7r-°cos (p) v] 



The calculation of this value p^j of the peak pres- 
sure of a retarded combustion for the Lister engine with 
p = 15 compression ratio J- 



= 72 cm3 
affords : 



V = 1072 cm^ 'y = 1.4' p^ = 100 atm 
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Oojistant . 
volume 
combustion 
A.T.O. 



Retarded 
de§ 



cm 



0 


72 


0 


0 


5 


76 


4 


5.5 


10 


87 


15 


21 


15 


107 


35 


49 


20 


133 


61 


85 


25 


167 


95 


.132 


30 


207. 


135 


187 ' 


10° 


lag . in 


coEibustion 



Volume of 
com'bust ion 
ch.am'ber 
increase 



0 — o 
cm"^ percent 



P^ak pressure of cycle 



Pep Poj_v^+(i- cos )V_ 



atm 



100 
93.4 
77.3 
59.1 
43.7 
32.2 
23.9 



Decrease of 
peak pressure 



percent p 



0 

6.6 

22.7 
40.9 
56.3 
57.8 
76.1 



fourth of its theoretical value for top center, and 41 percent for 
a 15° lag. 

In reality.,"- t.he.' comlDustlon is not realized at constant 
volume, it has an appreci.a'bl o duration of several milliseconds, 
and th-e- reduction in' the. peak pressure of the cycle is still 
tao're- accentuated than indicated "by the. theoretical calcula- 
tion,. 



The real peak pressure is a point Pqj' < p on the adi- 

Y • - 

ahatic Pq "''o constant. 

On comparison of the diagrams 1 and 2 of figure 31, it 
is found that the .peak pressure drops from 70 to 43 atn for 
a 10° delay of cycle (plot -2). The drop in peak pressure is 
38,5percent, .. . 

We also find that the rapidity. of conlDUStion dp/dt it- 
self, is considerahly reduced when the cycle is retarded: 



plot No. 1, -11 = 12.5 kg/ns; plot No , ■ 2 , ~ .,= 4.7 kg/ns, 

Ratio of reduction, - 2.7 ' 

4.7 



dp 



Per a 10° retarded comhustion at top center, the quick- 
ness of comhustion and, consequently, the fatigue of the en- 
gine is almost three times less. 
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It further was found that this. 10° delayed cycle de- 
fines the "best ef f ecti ve ef f i ci ency -of ■ the engine: Tie = 
31,7 percent (200 ^/hp/h) , instead : of Tie = 30 percent 
(212 s/hp/h) AThen the comtjustion i s. ; situat ed normally at 
top center (plot No', l). r; . , - . 

Contrary to' those empirical .fin-ding s -i t is seen on 
plot pv (fig. 3'2)i'that the energy .sup.pl iied ^hy the cycle 
of retarded coine"bu"ff-t'ion p- , p^ is Inferior to that of a 

comhustion. /pi- -r.-P« at constan.t vdliujae ln-.0?vO., The shaded 
area on the left-hand side a;ives the. .. value --of the energy 
lost hy the delay in: combustion. 

The theoretical thermal efficien.cy of a delayed com~ 
"bustion cycle therefore being plainly inferior to that of 
a comhustion at top center, it seems logical to admit that 
the kinematics of our engines - pistons, connecting rods, 
crankshaft - have a deplorable instantaneous mechanical 
efficiency when, the peak of the pressiire of a cycle ex- 
cee:ds a; certain limit p^ or the quickn.ess dp/dt of the 

comhiistiah pa-'ssas beyond a specified vEilue.: Theref o're-', a 
. delayed corabiiaft ion- cycl'o of inferior thermal-' efficiencjr 
,: pr'actlcally riiiisure'S the engine a better- effectiTO ef f i'ci en- 

cy; hence, finally, a bettor utilization of the -burned 

fuel, ,^ 

goes without saying, that by merely reducing the 
compression ratio, one cannot anticipate the same results 
obtained by. the use of a retarded combustion. 

The temperature change in a cycle follows substantial- 
ly that of the pressure. From this point of view, the re- 
tarded combustion cycle offers the: advantage of reduced 
heat stresses in the pistons and liners of the engines, 
and lower heat loss through the walls. But this advantage 
alone could not give a t-atlonal explanation of the gain 
made from the use of this form of cycle, if the mechanical 
efficipncy of the engine were not at ; the same time im- 
proved considerably. 

To our knowledge, no study- of the instantaneous vari- 
ation of the mechanical efficiency of an engine in rela- 
tion to the quickness dp/dt of combustion has ever been 
published. Such research should throw some light on the 
difficulties encountered the past few years with high- 
power, high-speed Diesels for aircraft ' use . Such studies 



83 



NAOA Technical Mom bran dum Mo;.' 



mi^ht "be carried out "by moasuring the -cffoctive efficien- 
cies of an engine under varying dea;rees of delayed com- 
bustion, the peak pressure P(p and dp/dt , and comput- 
inlg the entropy diai?rams and heat balances of realized 
cycles. A comparison of the two sets of results would 
make it possible to determine the best pqj and dp/dt 
along with fhe simultaneous change in thermal and effec- 
tive efficiencies of the engine. Then it would be a simple 
matter to deduce the laws of .instantaneous variation of 
the mechanical efficiency in relation to the two values of 
Pep and dp/dt. Unfortunately, we have not the means to 
undertake this research. 



Records of Belayed Combustion Cycles' Obtained with 
the Zeiss-Ikon Oathodic Indicator 

It was believed that the Watt indicator had too much 
inertia to give an exact check of the marked pressure 
changes within the brief interval of a few milliseconds. 
So the Air Ministry placed at our disposal a Zeiss-Ikon 
indicator with quartz crystal with which to check the 
plots recorded so far with the Lehmann-Michels instrument. 
These records wore- made simultaneously with the- two indi- 
cators-, ■ ■ 

The pressure tap of tho first (fig. 25) is a hole 6 
mm in diameter in the axis of the first Ricardo sphere, 
the quartz crystal being located some 4 or 5 mm from the 
sphere; the pressure tap of the second is across a 3.5 mm 
hole, about 250 mm long in the axis of the valve closing 
the second sphere B, . 

Por these tests: 

1, The engine speed was kept exactly at 700 rpm, by 
correcting the pump feed manually. 

2, Three systems of injection were essayed: 

a) Bosch: injector with nozzle 0.24 mm in diameter, 
at 45° toward chamber B, the pump being set at 20° 
advance on top center. 

b) Tuscher: pump in j ector' with one nozzle of 0.20 
mm diameter at 40° toward chamber B, injection ad-» 
vance varied from 3° to 6°. 
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c) Tuscher: pump-injector unit, 8 nozzles of 0,20 
mo dianeter , fanwise toward . chanbor B. One of the 
nozzles points toward center of sphere A; Injection 
point varied from 0°to 3° 



a) Bosch, unit 


h) Tuscher unit 


c) Tuscher unit 




ran smoothly 


ran hard 


1 X 0.24 


1 X 0.20 


8 X 0,20 



3, Four points on the power curve were studied: 





Horsepower developed 


Compression ratio 


1. ________ 


3 


19 


2. ________ 


3 


15 


3. ------__ 


5 


15 


4. - -- -- -_- 


■ maximum at 700 rpm 


15 



The four graphs, 34 to 37, represent the diagrams re- 
corded in this experiment. The measurements and results 
are given in tabular form. 



On comparing these results, it is seen that the meas- 
urements supplied "by the two types of indicators agree to 
within 2 to 3 percent. Except for the adiahatic expansion: 
of the cycle, the study of which holds nothing new, the in- 
ertia of the equipment and the marked flattening of the 
pressure lead of the Lehmann indicator do not distort the 
records appreciably. The conclusions so far drawn from 
the reading of the diagrams may be considered as correct. 



Effect of Compression Hatio p 

Measurements I and II, p = 19 and p = 15 , 3 horse- 
power, have shown that: 

1. The effective engine output is a function of the 
compression ratio p. The gain is about 2.5 percent for 
the three injection systems analyzed, when p passes from 
15 to 19. 
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Figure 34.- Lebmami-Zeiss cards, 3 hp, 700 rpm, compression ratio: p *19. 
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Figure 35.- Lehmann-Zeiss cards, 3 hp, 700 rpm, compression ratio: p «15. 
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Figure 36.- Lehmann-Zeiss cards, 5 hp, 700 rpm, compression ratio: p » 15. 
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figure 37.- Lehmann-Zeiss cards, max. hp, 700 rpm, compression ratio: p«15 
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2. The peak pressure of the cycle rises with P; it 
amounts to 3.5 atra for the advanced cycle given "by the 
Bosch unit (p^ = 45.5 atm for p = 15 and 49 atm for 
p = 19). It is even more accentuated when the cycle is 
retarded: 6 atm for unit Tj) with smooth running, and 9 atm 
for unit c) with hard running. In fact, in a unit such as 
Ts) or c), controlled "by the compression of the engine, the 
injection pressure is proportional to the compression; the 
penetration of the atomized spray is therefore much greater 
when p is increased. It is therefore natural that the 
peak pressure of the cycle and the quickness of comhustion 
rise even more rapidly in relation to the compression ratio. 

3. The quickness of comhustioni rises with p when 
the cycle is retarded . (uni t s h) and e)). 

4. Contrariwise, for the Bosch unit with advanced 
cycle, the quickness is 5.8 k?/milli second for p = 19, 
and rises to 10,55 k^/milli second for p = 15. By listen- 
ing to the noise while the engine runs, this anomaly is 
audihle. The running seems to "be smoother and more regu- 
lar when the second chamhor B in the Lister engine is 
closed. 

This finding, seomin^^ly ahnormal at first !?lance , can 

he explained "by the fact that the Bosch injects the fuel 
at a pressure independent of the compression of the engine. 
In fact, the injection pressure "being identical in "both 
cases, the penetration and dispersion of the spray are 
less when' the compression ratio is higher, the portion of 
the corahustion air involved hy the gas oil is smaller, has 
a greater penetration, and consequently a less active com- 
"bustion of the mixture. 

From this it is logical to conclude that the quick- 
ness of comhustion varies inversely with the mixture con- 
centration. This fact is confirmed even more clearly hy 
the Zeiss records of the retarded circles - units h) and 
c) - where the rapidity of conhustion is seen to decrease 
as the engine charge and, consequently, the saturation of 
the air-fuel ratio is increased. 

An examination of the Zeiss records shows, in a gen- 
eral way, that a greater rapidity of comoustion is accom- 
panied hy more accentuated pressure undulations during 
comhustion and expansion. In our opinion, these undula- 
tions, which come and go for no apparent reason, are in- 
dicative, of a turhulent regime of the combustion. The 
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Table B 



CompresBion ratio, p 

l^P 

rpm 

Units 

Tare of balance, kg .. 

hp developed 

To burn lOOcm'^ gas-oil 
Spec . c onsump . , g/ ^/ h 
Effective output, 'V*' . . 

Feed, mafi 

Stroke, nan 

Injection period, ms 

Period, degrees 

Air fuel ratio, a/c ... 

Sxcess air.e . . . . . 

Concentration, °fo ... 
Compress. A.T.C.:. 
Zeiss measure, atm ... 
Lebmann measure, atm . 
Peak pressure: 
Zeiss measure, atm ... 
Lehmenn meastire, atm . 
Speed of combustion: 

dp/dt ,l£g/ms 

dp/df ,kg/deg 

Injection advance, d«g 
B«tarded combustion: 

ms A.T.C 

deg A.T.C 

Ignition lag: 

Duration in ms 

« » deg 

Combustion: 

Duration in ms ....... 

" " deg 
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Fig.38 




p=15 5 hp 700 rpm 




5.72 



0.5 
Milliseconds 
dt 



p=15 Pmax 700 rpm 20 



IVa Bosch 7 hp 
ITo Tuscher 7.42 hp 
IVc Tuscher 8.7 
hp 




0.5 

Milliseconds 
dt 



Figure 38.- Speed of combustion, speed and peak pressure represented 

(Fig. 39) plotted against power developed; No. II, III, 
and IV, p=15. 
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causes of this phenomenon are unstable; indeed, no two euc- 
ccssive cycles recorded with the Zeiss indicator ever 
natch exactly. Not only may the peak pressure vary 2 or 3 
atmospheres, hut the rapidity of the pressure variations 
also always show some difference. These differences are 
the result of a change in the way the spray penetrates 
the fire chamber; the flow of the fuel "being equally tur- 
bulent, makes this possible. A more searching experimen- 
tal analysis will perhaps show perfect accord between ros- 
onanco of the pressure of combustion and that of the flow 
of the injection. 

For the present, it can only be said that the amplitude 
of resonance, for equal engine charge, increases with the 
rapidity dp/dt of combustion. It reaches 7 atn for 
dp , 

~ = 19,5 kg/ns, graph I-c, and drops 50 percent for 

~ = 17.8 kg/ns, graph I I-c. 
dt 

We also see that the amplitude of those resonances 
diminishes with the engine charge (graph IV-c). Their 
frequency, on the other hand, always seems to be around 
3000 periods per second. Furthormoro, it appears as if 
these phenomena of turbulence in combustion wore the cause 
of the noisier running of the engine. 

Plate 38 is a graphical representation, of the quick- 
ness of the explored cycles. 



Variations in Quickness of Combustion 

5. Quickness of combustion is, as already stated, 

inversely proportional to the delay in the combustion and 
to the period of injection (curves dp/dt a, b, and c). 

5. For an advanced combustion cycle (Bosch unit, 
curve dp/dt a)), rapidity increases with the engine 
charge. 

7, For a delayed combustion cycle (units b) and c)), 
rapidity starts on a slight increase of the charge, then 
drops quickly with the supercharge. 

To illustrate: At 8,7 hp (point IV-c), the rapidity 
is only 13,5 kg/ms, whereas it reaches 17.8 kg/ms at 3 hp 
(point II-c) and 19.7 at 5 hp (point III-c). 
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This featiiTe of the delayied cycle is, we^ h of 
utmost importance for high-speed Diesel development. 

In effect, up to now, high-speed. Diesel research has 
run against this "rock" of q.uickness of comhustion: increas- 
ing with the engine charge-. :M>e-chani;cal- accidents due to the 
ahnormal violence of the cycle , have ;f or ced constructors, 
in thoir attempts to ohtain a longer and more progressive 
comibustidn , either to Increase the period of injection, or 
resort to preignition, which consist s .in. atomizing a small 
amount of fuel, in the operating chamher, several degrees 
■before the principal injection. ! 

These artifices invariahly reflect on the power devel- 
oped T3y the engine, as demonstrated on two engines of dif- 
ferent typos and of ahr.olutoly diff orent • design ; the spe- 
cific horsepower of a Diesel engine is inversely propor- 
tional to the injection .period. 

It is hero, we holievo, that wo must try to find the 
reason why the^ Diesel engine has not afforded the advan- 
tafses which were, "by rights,, expected.* - ■ 

. It • seems, to • us that thi-s situation might he mrodified 
in favor of the ! Di esel hy using the- cycle of delayed com- 
hustion whi ch; permit s , as. seen, higher speeds .and p:res sure s 
of injection without increasing the peak of the .cycie, 
while occasioning a reduction, in the rapidity, of combus- 
tion in relation to the charge. 

This peculiar quality of the delayed cycle might, it 
seems, furnish a solution for the "best specific horsepower 
and host effective efficiency, without fear of dangerous 
fatigue . 

For the present, it appears difficult to exactly de- 
fine the relation of cause and effect which explains this 
decline of quickness in function, of • the charge of the en- 
gine. 

*La Technique Automohile et A^rionne, No. 188, February 
'1939; "It has "been estahlished that, for engines of 
equal displacement and weight, the Diesel cycle supplies 
33 percent less power than a carburetor engine, hut its 
fuel consumption is also 15 percent less. This differ- 
ence in consumption between two engine types, assumes 
importance only when "it involves d;istances of from 2500 
to 3000 km; but as a result of the high supercharging 
adopted in modern aircraft , the power necessary -at take- 
off renders flight impossible." 
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Three' conditions tend toward this ©"bject; 

1. A groater amount of heat employed for the Ta- 
porii^ation of a greater fuel charge. 

■ 2, A longer period of injection, which extends 
the period of comhustion. 

3, A much greater and faster volume V of the 
chamber during comhustion^ 

The delayed cycle alone possessing this characteris- 
tic, the third condition is quite certainly dominant. 



Peak-Pressure Variations of the Cycle 

8, In an advanced cycle, the maximum pressure rises 
with the engine charge (curve Pju-af. 

9. In a retarded cycle the peak pressure is a func- 
tion of the advance of combustion (curves Pjjj h and c). 

Even for high speeds and pressures of injection, the 
peak pressure of the retarded cycle can always "be main- 
tained within acceptable limits, by regulating the delay 
in injection in relation to the engine charge (point IIIc^ 
for example; injection at T.C; delay of combustion 16° 7' 
peak pressure 41 atm). 



Puel Consumption, Power, and Effective Efficiency of 
an Engine with Delayed Cycle 

10, The specific fuel consumptions and the horsepowers 
developed are improved by the use of the retarded cycle; 

they always follow the laws outlined in sections on pages 
37 and 40, and appear to be little affected by a greater . 
or lesser delay in combustion. 

11, At low engine charge the efficiency and, hence, 
the specific consumption of the engine are improved by a 
less pronounced rapidity of combustion (curves T|e and G , 
points lib). 

Concentration - Air-Puel Ratio 

12, TiTith supercharge ,: the possibility of concentra- 
tion of the fuel-air mixture under favorable conditions of 
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thermal efficiency- incre.a.ses witK the speed of injection 
(curves ' a/:c , a,, h., and .c) (fi.?. 39.). 

Thi s . s"ta.t.emen.t .is ^verified in an ah solute ly general 
manner ;f'0r all. systems of. injection and for all comhus- 
tion cycles used. TherefoTe," when the Bosch pump is con- 
trolled hy the ..regulator, the angine speed drops slowly 
with the charge; It was- foun'd that,- under these condi- 
tions, the Lister engine developed 6 hp at 600 rpm , super- 
charged 20 percent of the rated horsepower, with a. concen- 
tration of- 90. percent and a specific consumption of 225 g/ 
hp/hr. The injection period is then 10 milliseconds. If, 
under those conditibns , the rack of the pump feed i,s 
pushed to the "bottom, the- engine does not change speed - 
neither does the power of 5 hp rise any further; only the 
specific fuel consumption increases and the exhaust be- 
comes smoky. Contrariwise, if the rise in charge occurs 
while its speed of 700 rpm is maintained, hy manual refju- 
lation of the pump feed, the power hy supercharge reaches 
7 hp (curve a). The injection period at 700 rpm is not 
more than 8.58 milliseconds, and for a 90-percent concen- 
tration the specific consumption has -dropped to 217 g/hp/h, 
while the supercharge is 40 percent instead of 20. 

It is seen, on the other hand, that for a 1.5 milli- 
second injection period, the supercharge reaches 75 per- 
cent (point IVc) with a specific consumption of 197 g/hp/h, 
a 32,3-porcent efficiency, and 100-percent concentration; 
the theoretical mixture is 14.5 -oarts of air to one part 
of fuel. 

This 100-percent saturation cannot "be o"btained under 
adequate conditions of engine efficiency except "by the use 
of the retarded . com.hustion cycle. 

The effect of a delayed com'bustion on the possi"ble 
concentration of the fuel-air mixture and, consequently-, 
on the specific horsepower per liter of displacement, can 
"be explained, as seen in section on Injection Advance and 
Comhustion Cycle, page 48, "by the chemical theories of the 
variation of the equilibrium factor, though a physical in- 
terpretation of the phenomenon seems evident, and leads,, 
in any case, to the, same conclusions. 

In fact, if the combustion starts as usual, before, 
top center, it continues in a gas in active compression; 
the movement and. t-urbulence of this gas tend to become 
slower, to the detriment of a good contact of air and fuel. 
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The conbustion is conpleted "before the total fuel is ■burn.od. 
In the delayed cycle, on the other hand, conl3tistion starts 
and continues in an atnosphere of vivid expansion - that is, 
to say, of increasing turhulence, thus assuring "better con~ 
tact of air and fuel. The quickness of the contustion 
should he greater, "but it is largely conpens;atod hy the 
increased chanher volune, so that the concentration is ahlo 
to roach its theoretical linit of saturation easily. 

Thus, v;ithout having investigated it as yet, it soons 
logical that the advantages - greater horsepower, thornal 
and nochanical efficiency - obtained hy a delayed conhus- 
tion, should he even nore substantial in high-speed en- 
gines, in which the greatest linear piston speed pernits a 
noro rapid incroaso in the volune of the working chaa- 

"ber and, consequently, a noro active expaasion of gases. 

Operating Uoises 

Obviously, the operating noise of the Diesel is a 
function of the quickness of combustion.. To reduce the 
noise, a delayed combustion is therefore indicated. The 
rate of injection could. also be reduced but that would be 
to the detriment of the horsepower developed. 

The Lister engine equipped with pump-injector unit b 
(one nozzle, 0,20 mm diameter) has remarkably . smooth " oper- 
ation at all loads; the developed horsepower has a limit 
of 7,42 horsepower. 

The same engine fitted with unit c (eight nozzles 
of 0,20 mm diameter), on the contrary, runs roughly, espe- 
cially at low loads; at a maximum horsepower of 8,7, the 
operation is less noisy than at 5 horsepower, which proves 
that the quickness of the retarded cycle decreases when 
the concentration increases. 

The nozzle sprays being toward the axis of the turbu- 
lence - that is, toward chamber B,- the engine runs more 
quietly than if directed at 90° or 180°. The position of 
the nozzles, pointing toward chamber B, also gives the 
best val-Eies at the test stand. A symmetrical spray dis- 
tribution in chamber A is accompanied by harder: running 
and less favorable consumption values. 

In short, it does not seem possible to get the utmost 
from fuel-injection engines if this demand is accompanied 
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"by silent operation. Sono choice nust "be nade "between 
snooth running and snaller supercliargo, and hard running 
under optinun conditions of specific horsepower and effi- 
ciency. 
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